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ABSTRACT Cytochrome P450 1A2 (CYPIA2) is a pre- 
dominantly hepatic enzytne known to be important in the 
metabolism of numerous foreign chemicals of pharmacologic, 
toxicologic, and carcinogenic significance. CYP1A2 substrates 
include anatoxin B t , acetaminophen, and a variety of envi- 
ronmental arylnmines. To define better the developmental 
and metabolic functions of this enzyme, we developed a 
CYPlA2-deficient mouse line by homologous recombination 
in embryonic stem cells . {Mice homozygous for the targeted 
CypIdZ gene, designated Cyplal (—/-), are completely viable 
and fertile; histologic examination of 15-day embryos, new- 
born pups, and 3-week-old mice revealed no abnormalities \ No 
CYP1A2 mRNA was detected by Northern Wot analysis. 
Moreover, mRNA levels of Cyplal, the other gene in the same 
subfamily, appear unaffected by loss of the Cypla2 gene. 
Because the muscle relaxant zoxazolamine is a known sub- 
strate for CYP1A2, we studied the Cypla2(-/-) genotype by 
using the zoxazolamine paralysis test the Cypla2{~ / -) mice 
exhibited dramatically lengthened paralysis times relative to 
the Cypla2(+/+) wild-type animals, and the Cypla2(+/-) 
heterozygotes showed an intermediate effect. Availability of a 
viable and fertile CVPlA2-defkient mouse line will provide a 
valuable tool for researchers wishing to define the precise role 
of CYP1A2 in numerous metabolic and pharmacokinetic 
processes. 



Cytochromes P450 represent the major class of phase I drug- 
metabolizing enzymes (1). Members of this enzyme superfam- 
ily are responsible for the metabolism of innumerable foreign 
chemicals. In addition, because of the metabolism of many 
endogenous compounds such as steroids, vitamin D 3 , fatty 
acids, prostaglandins, and biogenic amines, cytochromes P450 
are believed to be essential for such critical life functions as cell 
division, differentiation, apoptosis, homeostasis, and neuroen- 
docrine functions (2-4). 

As of October 1995, the P450 gene superfamily was com- 
posed of more than 480 genes classified into 74 families, 14 of 
which exist in all mammals (5). Both the murine and human 
CYP1A subfamilies comprise two genes, designated Cyplal 
and Cyplal in mouse, and CYP1A1 and CYP1A2 in humans (5, 
6). In mice, the Cypla genes appear to be located within a 
100-kb region on chromosome 9 (1, 7). The CYP1A enzymes 
are of particular interest due to their capacity for metabolizing 
numerous compounds relevant to the fields of pharmacology, 
toxicology, and carcinogenesis. In addition, both enzymes are 
induced by many foreign chemicals, including polycyclic aro- 
matic hydrocarbons (e.g., benzo[r?]pyrene) and 2,3,7,8- 
letrachlorodibenzo-yj-dioxin (1,4). The induction process is 
regulated by the aromatic hydrocarbon receptor (AHR) (8, 9); 
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the murine Ahr gene has been cloned (10, 11) and an 
Ahr[—j-) mouse line has recent ry been produced (12). 

CYP1A2 is highly expressed in liver and is involved in the 
metabolism of many toxicologically significant compounds, 
including aflatoxin Bi, acetaminophen, and the food-derived 
heterocyclic amines (reviewed in ref. 13). In addition, most 
carcinogenic arylamincs are known to be substrates for the 
human CYP1A2 enzyme (6, 14). To date, no endogenous 
substrate has been identified for the CYP1A2 enzyme, and 
there is little evidence for any physiologic role other than 
protection from chemical insult. On the basis of caffeine 
metabolism, two laboratories have suggested the presence of a 
human CYP1A2 genetic polymorphism, having a tri modal 
distribution of raetabolizer phenotype (consistent with high/ 
high, high/low, and low/low genotypes) in several populations 
(15, 16). 

To define more clearly the involvement of the CYP1A2 
enzyme in toxicity and carcinogenesis elicited by a variety of 
environmental chemicals, we have generated an embryonic 
stem (ES) eel I -derived mouse line lacking a functional 
CYP1A2 enzyme. These null mutant mice exhibit normal 
development, viability, and fertility. The availability of this 
healthy C)jp7a2-deficient mouse line should provide an invalu- 
able resource for researchers wishing to define the precise role 
of CYP1A2 in the metabolism of foreign, and perhaps endog- 
enous, chemicals. 11 

MATERIALS AND METHODS 

Cloning of 129/SV Cyplal Genomic DNA. Using the mouse 
1.5-kb 3' Qjp/fl2-specific cDNA probe (17), we isolated a 
129/SV mouse genomic DNA clone isogenic to the ES cells 
used for recombination. DNA cloning and purification were 
performed as described (IS). From the isolated clone, span- 
ning 19 kb, we subcloned an 11-kb £coRI fragment of the 
Cypla2 gene into plBluescript II SK(+) (Stratagene). The 
wild-type EcoRl fragment includes exons 2-7 and the 3' end 
of the Cyplal gene (Fig. 1 Upper). 

Construction of Cypla2 Gene-Targeting Vectors. The hy- 
poxanthine phosphoribosyl transferase (hprt) gene-based vec- 
tors used for targeting the Cyplal gene were derived from the 
parent vector, pHPRT KO; this vector is derived from pBlue- 
script II SK(+). contains a 2-kb Kpn I blunt-ended herpes 
simplex virus (HSV) thymidine kinase (tk) gene cassette, and 
features a 2,9-kb Not I-£«?RI blunt-ended hprt minigene 
cassette subcloned into the ffr/tdlll site (19). To generate the 
two vectors used for Targeting, we subcloned a 0.4-kb //j/id Ill- 



Abbreviations: ESccIL embryonic stem cell; GAPDH, glyccraldchydc- 
3-phosphale dehydrogenase. 
§To whom reprint requests should be addressed. 
*This work was presented in abstract form at the Annual Meeting of 
the Society of Toxicology. Ma roll 5-9. 1995, Baltimore (4?). 
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Fig. 1. Targeted modifications of the murine Cypla2 gene. (Upper) The wild-type allele with all seven exoos (solid boxes) and the targeted allele 
(containing the hprt gene) are shown. Probe A was used for genomic DNA analysis. E, EcoRI] H, Hindlll; B, BamHl; S, Stu I; sites in parentheses 
were lost during doning/ligation. The predicted wild-type, and targeted allele, restriction fragment sizes for Bam HI and HindlU are shown. PI, 
P2, and P3 represent primers used for PCR analysis. (Lower) Diagnostic Southern blots for DNA from wild-type (WT) untargeted ES cells, plus 
DNA from six targeted ES cell lines designated 377, 370, 368, 345, 313, and 245. BamHl (B) and tf indlll (H) digests were hybridized with the flanking 
probe A. Helerozygote targeted lines contain the 7.2-kb BamHl and the 5.5-kb tfthdlll fragments. M, molecular size markers. 



Stu I fragment from exon 2 of the Cypla2 gene into either the 
BamHl site or the Cla I site of the pHPRT KO plasmid, 
generating products designated pHPRT KO BS and pHPRT 
KO CS, respect rvely. Subsequently, the Cla I site of the pHPRT 
KO BS plasmid and the BamHl site of the pHPRT KO CS 
plasmid were used to subclone a 6.6-kb BamHl-EcoRl frag- 
ment of the Cyplal gene. The result ant plasmids were desig- 
nated pHPRT KO BS-CL and pHPRT KO CS-BL, respectively 
(Fig. 2A). 

The targeting vector used in our earlier experiments was 
constructed from the multipurpose knockout vector pMIK 
KO, also derived from pBluescript II SK(+). pMJK KO 
possesses features similar to pHPRT KO, except that the 
Hindlll site of pBluescript II SK(+) was used for subcloning 
a 1.6-kb Xho I-r7//idIH phoplioglycerate kinase promoter- 
ncomycin-rcsistance gene cassette instead of the hprt minigene 
cassette (20). The 0.4-kb H'tndlll-Stu I fragment of exon 2 of 
Cyplal (Fig. 1 Upper) was subcloned into the Xho I site of the 
pMJK KO plasmid. The BamHl site of llie pMJK KO plasmid 
was then used to subclone the 6.6-kb fragment. The resulting 
construct, designated pMJK KO XS-BL (Fig. 2A Top), con- 



tains 7.0 kb of target homology and produces a 2.24cb deletion 
in the targeted locus. All three resulting plasmids were purified 
by the CsO banding technique, linearized at the unique Not I 
site in the pBluescript II SK(+) backbone, and used for 
electroporatioa 

ES Cell Cultures. D3 ES cells (21) and E14tg2a ES cells, 
which are hprt' (22), were maintained at 37*0 in a 5% C0 2 
atmosphere on feeder layers of murine mitomycin C-treated 
embryonic fibroblasts in Dulbecco's modified Eagle's medium 
containing 15% heat-inactivated fetal bovine serum, 0.1 mM 
2-mercaptoethanol, 1 mM sodium pyruvate, penicillin at 50 
units/ml, streptomycin at 50 /xg/ml, and leukemia inhibitory 
factor (UF; GIBCO) at 1000 units/ml. The fibroblast feeder 
layer was prepared from 13- to 14-day-oId mouse embryos and 
was grown in Dulbecco's modified Eagle's medium containing 
glucose at 4.5 mg/ml, penicillin at 50 units/ml, streptomycin at 
50 /ig/ml. and 1 mM L-glutamme, supplemented with 10% 
heat -inactivated fetal bovine serum. Confluent fibroblast 
monolayers were treated with mitomycin C at 10 pig/ml for 90 
mtn at 37X. Tl*e monolayers were then washed four times with 
phosphate-buflered saline prior to freezing or immediate use 
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Fig. 2. Comparison of the three Cypla2 gene-targeting constructs used in these experiments. (A) Diagram of the three constructs. The pMJK 
KO XS-BL vector carries the neomy tin-resistance (neo) gene and the Cypla2 gene fragment in opposite orientations. The pHPRT KO BS-CL vector 
carries the hprt gene in the same orientation as the Cypla2 gene fragment, whereas the pHPRT KO CS-BL vector carries the hprt gene and the 
Cypla2 gene fragment in opposite orientations. (#) Results of successfully targeted tines* generation of chimeric mice, and gennline transmission. 



as feeder layers (23). For electroporation, two confluent 
100-mm dishes of ES cells were treated with trypsin and 
resuspended in 3 ml of phosphate-buffered saline (Ca 2+ - and 
Mg^-free) containing^* I-digcsted targeting vector DNA at 
20 fig/ml. Three 1-ml aliquots were electroporated at 900 V 
and 14 pJF in a 0.4-cm-wide cuvette (Gene Zapper; IBI). The 
cells were then distributed onto 15 -mm X 100-mm dishes 
containing mitomycin C-treated mouse embryo fibroblast 
feeder cells. Selection in hypoxanthine/aminopterin/ 
thymidine (HAT) supplement (GIBCO/BRL) for E14 cells, 
or in G4 18 (150 j*g/ml) for D3 cells, was initiated 24 h later. 
Further selection with 2 jiM ganciclovir (Syntex, Palo Alto, 
CA) was begun at 48 hr following electroporation. Resistant 
ES colonies were selected 7 days after electroporation, treated 
with trypsin, and transferred to 24-weII plates. After 2 or 3 days 
in culture, half the cells from each well were frozen, and the 
other half were transferred to gelatin-coated six-well plates. 
DNA was then prepared from each colony for PCR and/or 
Southern blot analysis, in order to identify putative homolo- 
gous recombination events. 

Selection of the Recombinant ES Cells. ES cells were lysed 
at 65°C for 10 min in 0.5 ml of buffer containing 0.2 M NaCl, 
5 mM EDTA, 50 mM Tris-HCI (pH 7.5), 0.2% SDS, and 
proteinase K al 20 /i-g/ml. Genomic DNA was precipitated 
with potassium acet ate and cthanol. The DNA was rinsed with 
70% ethanol, then rinsed with 95% ethanol, air-dried, and 
resuspended in H 2 0. Mouse tail DNA was prepared similarly, 
except that lysis buffer containing proteinase K at 15 /ig/ml 
was used, and samples were incubated overnight at 65°C 

For Southern blotting, we digested DNA to completion with 
an excess of the restriction endonuclease EcoRh ZtomHL or 
Hindi] \ under reaction conditions recommended by the sup- 
plier (GIBCO/BRL). The digesied DNA was fractionated 



through 0.8% agarose gels and transferred to Nytran Plus 
(Schleicher & Schuell) for further hybridization. Conditions 
for prehybridization and hybridization were as described (24). 
A 0.8-kb EcoRl-Stu I fragment was used as probe A (Fig. 1). 
Autoradiography was performed with Kodak XAR film and 
DuPont Lighting Plus intensifying screens. 

For PCR screening of the HAT-resistant ES cell colonies, 
genomic DNA was added to a 20-ju.I PCR mixture containing 
4 p\ of 5x reaction buffer, 0.125 fig of each oligonucleotide 
primer (Cyplti2-S' t CAGCCTGGGATGGAAATCAA- 
GACA Cypla2-3\ CGCTGCACACGGCACTCTGAGTAC; 
and hprt 3', AGCGCCTCCCCTACCCGGTAGAAT), Z5 
units of Taq DNA polymerase (GIBCO/BRL), and a mixture 
of dATP, dCTP, dGTP and dTTP nucleotides at a final 
concentration of 500 /iM for each nucleotide. The 5 x reaction 
buffer contained 250 /xM Nad, 750 ju-M MgQ^ 100 mM 
Tris-HCI (pH 8.4), 7.5 mM MgCI* 0.05% gelatin, and 0.5% 
Triton X-100. Samples were overlaid with one drop of mineral 
oil. PCR was performed for 35 cycles of 94°C for 1 min, 62°C 
for 2 min, and 72"C for 3 min in a thermal cycler (Perkin- 
Elmer/Cetus). The generated PCR products were 1.2 and 0.9 
kb for Cypla2{+) wild-type and C\*pla2(-) mutant alleles, 
respectively (Fig. 1). For screening of G418-resist ant colonies, 
the above conditions were used with the following primers: 
neo-o\ ATGGCCGCTTTTCTGGATTCATCGACTTG; 
CvpJo2-5\ GCGTTCTCCCAGTACATCTCCTTAGC- 
CCCA; and Cvpla2-3\ CTCACCTTGTTGA AGTCTTGG - 
TAGTGCTCC. 

Generation of the Cyplu2(— / '— ) Mouse Line. Chimeric 
mice were generated by microinjection of t argeted ES cells into 
embryos as described (24). Briefly, 10-15 targeted ES cells 
derived from the 129/Ola (slate, gray) mouse line were 
micro injected into the blastocoete cavity of C57BL/6J em- 
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bryos (nonasouti, black). Surviving blastocysts were trans- 
ferred to pscudopregnant CD-I females (albino, nonagouti) by 
uterine implant alien. Identification of chimeric pups was 
determined by the presence of agouti or slate coat color at 10 
days of age, depending on the origin of the ES cells. Chimeric 
males were bred to CF-1 females (nonagouti, while) or Swiss 
Black females (nonagouti, black). Gcrmtine transmission was 
determined by the presence of chinchilla-agouti and agouti 
coat colors in the offspring of the CF-1 and the Swiss Black 
females, respectively. Germline transmission was confirmed by 
both PCR and Southern blot analyses, as detailed above. 

Northern Hybridization Analysis. Total RNA was isolated 
from the livers of 7- to 9-week-old mice by the acid guani- 
dinium isothiocyanate extraction method (25). RNA was iso- 
lated 36 hr after treatment with a single intraperitoneal dose 
of either corn oil alone (25 ml/kg of body weight) or /3-naph- 
thoflavone (200 mg/kg) in corn oil. Total RNA (30 *tg) was 
loaded onto 1% agarose/formaldehyde gels, transferred to 
nyion membranes (Nytran Plus; Schleicher & Schuell), and 
U V-crosslinked. Prehybridization and hybridization were per- 
formed in 10% dextran sulfate/ 1% SDS/6X standard saline 
citrate. Membranes were probed with a 1.5-kb3' fragment of 
CYP1A2 cDNA or a 1.2-kb 3' fragment of CYP1A1 cDNA 
(17). The probe of a 780-bp Pst \~Xba I fragment of the 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA 
was used as an RNA-Ioading control. Hybridization was per- 
formed at 60°C, and the blots were washed at 60°C prior to 
autoradiography. 

Zoxazolatuine Paralysis Test Four- to 6-week-oId mice 
were given a single intraperitoneal dose of either 3-naph- 
thoflavone (200 mg/kg) in corn oil or com oil alone. All 
animals received intraperitoneal zoxazolamine (300 mg/kg) in 
corn oil 36 hr later. Mice were then placed on their backs, and 
that time was recorded as time zero. The paralysis time was 
measured as that period of time until the animal had regained 
enough consciousness to right itself repeatedly (26). 

Histology. Histologic specimens were prepared from 15-day 
embryos, newborn pups, and 3-week -old mice for analysis of 
any pathologic changes associated with the Qp7a2-deficient 
genotype. The 15-day embryos and newborn pups were fixed 
whole in Bouin's fixative, whereas virtually all organs were 
dissected from 3 -week-old mice and fixed in 10% formalde- 
hyde. Paraffin-embedded sea ions (5 /un) were visualized by 
staining with hematoxylin and eosin. 

RESULTS 

Gene Targeting. Targeted disruption of the Cypla2 gene was 
successfully achieved by insertion of the hprt gene in place of 
part of exon 2 and all of exons 3-5 (Fig. 1). Our design of the 
three gene-targeting vectors (Fig. 2A) was based on important 
structural features in the murine Cypla2 gene, including a 
highly conserved cysteine-containing peptide in the N- 
terminus of the proiein encoded by exon 2 and the so-called 
cytochrome P450 "conserved trideca peptide" (27), encoded 
by exon 5 in the case of both of the CYP1A genes. Based on 
these structural details, homologous recombination constructs 
were designed in which the regions encoding the N-terminal 
cysteine-containing fragment and the conserved trideca pep- 
tide would be replaced with either the neo or hprt positive 
selection markers. Targeted deletion of these essential gene 
components would be predicted to generate a null mutation. 

Interestingly, pHPRT KO BS-CL (having the hprt promoter 
in the same orientation as the Cyphl gene) was the only 
successful construct of three used in our experiments (Fig. IB), 
Whereas a high targeting frequency was achieved with pHPRT 
KO BS-CL in El 4 ES cells, no homologous recombinant clones 
were generated from pHPRT KO CS-BL. In our earlier work 
using the neo gene in D3 ES cells, it is noteworthy that only a 
single homologous recombinant clone (of 800 screened) was 



obtained with the pMJK KO XS-BL construct, from which 13 
chimeric males were produced, yet none of these was able to 
achieve germline transmission (Fig. 2B). The most widely 
accepted reason for the transmission of coat color but not the 
targeted gene is that a locus has been lost which allows 
colonization of the ES cells in the germline; this comes about 
through continued passage of ES cells both before and after 
targeting. 

Homologous recombinant clones generated with the 
pHPRT KO BS-CL construct were confirmed by both genomic 
blotting and PCR analysis. Genomic blot analysis demon- 
strated that heterozygote clones were obtained, as indicated by 
the presence of extra 5.5-kb and 7.2-kb fragments upon 
digestion withHmdIII and BarnM, respectively (Fig. 1 Lower). 
PCR analysis of heterozygote clones snowed the presence of a 
0.9-kb band, corresponding to the mutant allele, in addition to 
the wild-type 1.2-kb band (Fig. 3). Two homologous recom- 
binant clones generated with the pHPRT KO BS-CL construct 
were injected into the blastocoete cavity of C57BL/6J em- 
bryos; we subsequently generated 12 male chimeras, of which 
6 gave germline transmission. Germline mice were derived 
from two independent ES clones, lines 368 and 377. 

Viability and Fertility* The heterozygous Cypla2(+ /-) 
mice displayed normal viability and fertility and were then 
used to generate homozygous mutants. Breeding of the het- 
erozygotes produced offspring in the expected Men deli an 
distribution of one Cypla2(+/+) to two Cypla2(+/-) to one 
Cypla2(—/—\ indicating no in utero lethality due to loss of 
both functional alleles of the Cypla2 gene. 

Homozygous Cypla2{—/~) null mutants were identified by 
the presence of only the 0.9-kb band upon PCR an alysis (Fig. 
3). Genotype was confirmed by Southern blotting. ! We found 
the homozygous Cypla2(- /-) mouse to be completely viable, 
fertile, and indistinguishable from its Cypifl2(+/+) or 
Cypla2(+ /~) littermates by appearance, mortality rate, re- 1 
productive capa city, and histologic examination of many or- 1 
gans and tissues;[triis has remained true- — currently beyond 15 
. months of age. Tlie organs and tissues examined histologically 
included: liver, lung, kidney, stomach, duodenum, small and 
large intestine, spleen, thymus, lymph nodes, heart, and brain. 

CVP1A2 mRNA Analysis. The absence of CYP1A2 mRNA 
in Cypla2(—/—) mice was confirmed by Northern blot analysis 
of liver RNA from both control and 0-naphthoflavone-treated 
animals. Fig. 4 Left shows a gene-dose effect: constitutive 
CYP1 A2 mRNA levels in the heterozygote were intermediate 
between the null mutant, in which no mRNA was detectable 
even with 21 -day exposures of the filter to x-ray film, and the 
wild type, which showed abundant mRNA. Induction by 
0-naphthoflavone treatment was found to increase the 
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Fig. 3. PCR analysis of tailDNA from eight pups in the same litter 
generated faun a Cypla2( + f~) X Cypla2(+/~) intercross. PCR 
products arc 12 and 0.9 kb Un the wild-type (W) and targeted (T) 
alleles, respectively. M. 1 -kh nucieic acid markers. (+ ), targeted ES cell 
DNA. 



Genetics: Liang et ai 
Com oil BNF 



4 /_ 4/* ./- ♦/* 




CYP1A2 



GAPDH 



-*6 CYPIA1 



Fig. 4. Northern hybridizaticm analysis of liver RNA from 
Cypla2(-/~-) t Cypla2{+/-) t and Qp7o2(+/ + ) mice. Probes include 
the CYPlA2-specific cDNA, the CYP1A1 -specific cDNA as a positive 
control, and GAPDH cDNA to assess RNA loading in each lane. Sizes 
of the CYP1A2 and CYP1A1 mRNAs are 2.1 and 2& kb, respectively 
(17). Animals were treated with corn oil alone (controls) or /J-naph- 
thoflavone (BNF) 36 hr prior to sacrifice. When standardized for 
GAPDH, CYP1A1 mRNA levels are not significantly different in the 
three BNF lanes. 

CYP1A2 mRNA 4- to 6-fold in the heterozygote and wild-type 
mouse (Fig. 4 Ritfit), whereas no CYP1A2 mRNA was de- 
tected in the 0-naphthoflavone-treated Cypla2(-/~) mouse. 

CYP1A1 mRNA levels, detectable in liver only after 
0-naphthoflavone induction, were virtually identical in the 
Cypla2(+/+) t Cyp2a2(+/-), and Cypla2(-/-) mice (Fig. 4 
Bottom). These data indicate that expression of this other 
member of the mouse Cypla subfamily does not appear to 
compensate, or to be altered, by absence of the Cyplal gene. 

Zoxazolamine Paralysis Test. The muscle relaxant zoxazo- 
laminc is a known CYP1A2 substrate, as well as a CYP2E1 
substrate (28), and has been used for more than two decades 
to phenotype individual recombinant inbred or congenic mice 
having had CYP1A2 induced by 0-naphthoflavone, benzo- 
ic Jpyrene, or 23,7,8-tetrachloro^-dioxin (26, 29). It was ex- 
pected that mice lacking any CYP1A2 enzyme would metab- 
olize zoxazolamine more slowly and therefore remain para- 
lyzed for a longer period of time and that 0-naphthofIavone 
treatment— while inducing CYP1A2 in Cypla2(+/+) and 
Cypla2(+/-) mice — would have no effect on the 
Cypla2(- / -) mouse. The results of the zoxazolamine paral- 
ysis tesi (Table 1) show these expectations to be correct 
Interestingly, the data are also correlated with the gene-dose 
mRNA data of Fig. 4 in that Cypla2(+ /-) animals exhibited 

Table 1. Results of the zoxazolamine paralysis test in ntice of the 
three genotypes 

Time paralyzed, min 

/3-Naphthoflavone 
Genotype Control pretreatment 

Cyp2a2(~f~) >960 >960 

Cypla 2( + / - ) 534 i 225 309 £ 69 

Cypla 2( + /+) 498 ± 121 103 Z 59 

The zoxazolamine paralysis test was performed as described (26). 
Zoxazolamine (chlorzoxazone) was given loall mice 36 hr after a single 
intraperitoneal dose of j3-naphthoflavone (in corn oil): controls re- 
ceived corn oil alone. Paralysis times were assessed as the time taken 
for mice to right themselves three times. Values (mean z Si EM) are 
for four mice for each condition. 
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an intermediate paralysis time, when compared with the 
Cypla2(+/+) wild type and the Cyp2a2(-/-) null mutant. 
The CYPlA2-deficient mouse was paralyzed at least 9 times 
longer than the wild-type mouse. These results clearly illustrate 
the major role of CYP1 A2 in zoxazolamine metabolism. 

DISCUSSION 

Evolutionary Considerations. We had anticipated that ho- 
mozygous Cyp2a2(—f—) mutant mice would be viable and 
healthy, yet phenotypically different from wild-type 
Cypla2(+/+) and heterozygous Cyp2a2(+/~) mice toward 
CYP1A2 -specific substrates such as zoxazolamine, based on 
several criteria, (i) Whereas constitutive expression of the 
Cyplal gene and its induction by polycyclic aromatic com- 
pounds occur very early during ernbryogenesis, increases in 
expression of the Cypla2 gene are not detectable until the 
neonatal period (1, 30-32). These observations suggest that 
the CypJa2 gene might not be critical for mouse ernbryogenesis 
but more likely is involved in metabolism of dietary and other 
foreign chemicals encountered after birth. (it) Mammalian 
CYP1A2 genes are extinguished in virtually all established and 
transformed cell lines examined, indicating that absence of 
CYP1 A2 does not affect viability of cells in culture (1, 33, 34). 
(tit) Evolutionary analysis of the CYPLA family in trout and 
mammalian species (5) suggests that, while CYPIA1 most likely 
encodes an enzyme critical to life, the CYP1A2 gene is likely 
to be the result of a relatively recent gene duplication event in 
response to dietary selective pressures (35). Whereas trout 
appears to have only the CYP1A1 gene, birds and mammals 
possess both CYP1A1 and CYP1A2. It was therefore proposed 
that the CYP1A2 gene originated «*350 million years ago via a 
gene duplication event — after the divergence of land animals 
from sea animals, and before divergence of land animals from 
birds (5, 35, 36). This duplication event may have been driven 
by evolutionary pressures caused by animal-plant interactions 
(35). Thus, it appears more likely that CYP1A2 might play an 
important role in protecting newborns from the insults of 
foreign (particularly dietary) chemicals during and after the 
neonatal period. We therefore had expected that the Cypla2~ 
deficient mouse would develop normally, be viable, and display 
normal fertility, and this is what the present study shows. 

Comparison of Two CYP1A2-Deficienl Mouse Lines. The 
normal phenotype of the Cypla2(—f—) mouse line described 
in our study contrasts sharply with the phenotype of respira- 
tory distress and neonatal lethality observed in another 
Cypla2{— (-) mouse line recently described (37). One possi- 
bility to explain the differences in phenotype would be differ- 
ences in genetic background. This is not without precedent: for 
example, in studies of the insulin-like growth factor (Lgfl) gene, 
differences in the phenotype of knockout mouse lines were 
found to be caused by differences in genetic background (38). 
In the present study, chimeric males in this laboratory were 
bred to CF-1 females or Swiss Black females, whereas chimeric 
males in the other laboratory were bred to C57BL/6J females 
(37). 

Another possible explanation for differences in the pheno- 
type of CYPlA2-deficient mice between the present study and 
a recent study (37) is a combination of genetic and nongenetic 
factors — i.e., presence of viral or other respiratory pathogens 
in a genetically susceptible host. In support of this possibility 
is that 19 of their 599 Cyp2a2(— j '— ) null mutants did survive 
to adulthood and are fertile (37). 

An additional possible explanation has to do with the gene 
construct electroporated into the ES cells. It is not without 
precedent that different genomic approaches to knockouts of 
the same gene can lead to different pheno types. For example, 
several laboratories engineered mutations that created null 
alleles with no residual expression of the cystic fibrosis trans- 
membrane conductance regulator (Cfir) gene (39-41). 
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whereas a different laboratory created a "leaky" insertional 
mutation in exon 10 leading to an only mildly affected phe- 
notype (42). It is exciting that both the mild and severe 
phenotypes of the Cfir gene knockout are proving to be 
valuable experimental model systems. Pineau et ai (37) dis- 
rupted the Cypla2 gene by inserting the neo selection marker 
into exon 2, whereas we removed much of exon 2 and all of 
exons 3-5. 

Conclusions. We have produced a Cypla2(-/-) null mu- 
tant mouse that develops normally, and is completely viable 
and fertile, yet exhibits altered drug metabolism. The gener- 
ation of the CypJa2(- /—) mouse line described herein will 
provide an invaluable tool for researchers seeking to define the 
precise role of the CYP1A2 enzyme in numerous metabolic 
processes. Such a model will be particularly useful for further 
investigation of the CYPIA2 enzyme in terms of drug metab- 
olism and toxicity, as well as cancer caused by environmental 
arylamines. Extrapolation of studies in this mouse line to 
human populations should also enable more educated predic- 
tions of the risk assessment associated with toxic exposures to 
chemicals via diet, life style, and occupation. 

This project was supported by National Institutes of Health Grants 
RO1-HS06321 (IXW.N.) and P30 ES06096 (JJJX, D.W.N., and 
S.S.P.). 
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CYP2E1, a cytochrome P-450 that is well conserved 
across mammalian species, metabolizes ethanol and 
many low molecular weight toxins and cancer suspect 
agents. The cyp2el gene was Isolated, and a mouse line 
that lacks expression of CYP2E1 was generated by ho- 
mologous recombination in embryonic stem cells. Ani- 
mals deficient in expression of the enzy me were fertile, 
developed normally , and exhibited no obvious pheno- 
typic abnormalities; thus indicating that CYP2E1 has no 
critical role in mammalian development and physiology 
in the absence of external stimuli When cyp2eJ knock- 
out mice were challenged with the common analgesic 
acetaminophen, they were found to be considerably less 
sensitive to its hepatotoxic effects than wild-type ani- 
mals, indicating that this P-450 is the principal enzyme 
responsible for the metabolic conversion of the drug to 
Its active hepatotoxic metabolite. 



Cytochromes (P-450) 1 are a superfamily of hemopro- 

teins that carry out oxidative metabolism of many endogenous 
and foreign chemicals (I). In mammals. P-450s can be function- 
ally segregated into two groups, those that participate in bio- 
chemical pathways leading to trie synthesis of steroid hor- 
mones and those that primarily metabolize foreign chemicals 
or xenobiotics such as drugs. The latter enzymes are included 
in the CYP1. CYP2, CYP3, and CYP4 families (2). Many of the 
hepatic xenobiotic-metabolizing P-450s also metabolize endog- 
enous compounds, but the significance of these reactions is 
questionable. A clue to the lack of a critical role for many of the 
P-450s, particularly those in family 2, in development, repro- 
duction, and longevity, is the marked species differences in 
their expression and catalytic activities (3). However, some of 
the xenobiotic-metabolizing P-450s are well conserved, includ- 
ing those in the CYP1 family and CYP2E1, suggesting that 
they may perform an important physiological function. 

CYP2E1 is the principal P-450 responsible for the metabo- 
lism of ethanol and is considered as a major component of the 
microsomal ethanol oxidizing system (4, 5). Among xenobiotics 
metabolized by CYP2E1 are acet aldehyde, acetaminophen, ac- 
rylamide. aniline, benzene, butanol, carbon tetrachloride, di- 
ethylether, dimethyl sulfoxide, ethyl carbamate, ethylene chlo- 
ride, halotliane. glyceiol, ethylene glycol. Af-nitrosodi- 
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methylamine, 4-nitrophenol, pyrazole, pyridine, and vinyl chlo- 
ride (6). Many of these chemicals are known toxins, established 
chemical carcinogens, or suspected carcinogens. CYP2E1 -me- 
diated oxidation of a variety of substrates is also believed to 
liberate a substantial amount of reactive oxygen that can lead 
to membrane lipid peroxidation and cell toxicity (7), 

CYP2E1 is also capable of metabolizing endogenous chemi- 
cals including acetone and acetol, which are key metabolites in 
the methylglyoxal and propanediol pathways of gluconeogene- 
sis (8, 9). CYP2E1 can also carry out the metabolism of arachi- 
donic acid, resulting in the production of several hydroxyeico- 
satetraenoic adds (10), some of which may have physiological 
and pharmacological properties (1 1). 

CYP2E1 is inducible by ethanol and other low molecular 
weight substrates (5, 12). This induction is primarily due to a 
postranscriptional mechanism where presence of the substrate 
stabilizes the enzyme from degradation (1 3). However, tran- 
scriptional mechanisms have not been ruled out (14). Ttiis 
enzyme is also induced by starvation and in uncontrolled 
diabetes (15, 16). 

P-450s have been implicated in the hepatotoxicity of acet- 
aminophen (also called paracetamol), an over-the-counter an- 
algesic and antipyretic that is commonly used worldwide as a 
substitute for acetylsalicylic add (aspirin®) due to its lack of 
gastric ulceration and general low toxicity when used within 
the recommended dose range (1 7-19). Acetaminophen causes 
hepatotoxidty at a low frequency. It is metabolized to AAacctyl- 
p-benzoquinoneiinine, a metabolite that is capable of reacting 
with cellular nucJeophiles. The bulk of this metabolite is either 
reduced back to acetaminophen or conjugated with glutathione. 
It was postulated that toxicity results from low cellular gluta- 
thione leaving an excess of active metabolite that can cause cell 
toxicity (19-22). 

The P-450s responsible for acetaminophen activation have 
been investigated. Ethanol was reported to increase the toxic- 
ity of acetaminophen in mice (20, 23), thus suggesting the 
involvement of CYP2E1 in vivo. In vitro studies have also 
implicated human CYP1 A2 in addition to CYP2E1 in acetamin- 
oplten metabolism, although the latter P-450 had a lower K m 
than CYP1A2 (24. 25). 

The conservation across spedes in expression and catalytic 
activities of CYP2E1 and its ability to metabolize and be in- 
duced by chemicals that arc generated cndogenously. such as 
acetone and ethanol, suggests that it has an important physi- 
ological role in mammals. To investigate this possibility and to 
determine if this P-4 50 is involved in the hepatotoxicities and 
cardnogenesis potential of many of its substrates, mice Jacking 
CYP2E1 expression were produced and characterized. 

MATERIALS AND METHODS 
Construction of the Targeting Vincrar—Gcnomic clones corresponding 
to cyp2el were obtained by screening a I29/SV genomic library (Straie- 
gene) with a rat CYP2E1 cDNA (261. A clone spanning 14.2 kb and 
containing all nine exons of the gene was subcloned as a Sali fragment. 
Todisntpt the gene, a 1.9-kb lUmWU fragment containing toton 2 and 
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spanning from intron 1 to intron 2 was deleted and replaced with the 
bacterial phosphorlbosyltransferase II gene, under control of the ptras- 
phoglycerate kinase- 1 promoter (PGK-NEO), that confers resistance to 
the neomycin derivative G418 (Life Sciences Inc.). This gene was de- 
rived from the plasmid pPNT (27). The PGK-NEO cassette was inserted 
in the same transcriptional orientation as the cypZci gene. The herpes 
simplex virus thymidine kinase gene was inserted at the 3* end of the 
cypZel gene as a negative selection against random integration of the 
construct (28). The construct used for targeting (see Fig. I A), contained 
2.3 kb of 5' and 3.6 kb of 3' genomic DNA flanking the PGK-NEO 
cassette. 

The construct was made in six cloning steps (see Fig. 1A). 1) The 
HJndlU site in the polylinker region of pGEM-32 (Promega) was de- 
stroyed by Hindlll digestion. Klenow polymerase treatment, and obli- 
gation . 2) An 8-kb SaJl Srnal cypZel genomic fragment was subcloned 
into the same sites In the modified pCEM-3Z. 3) The plasmid made in 
step 2 was digested with Wind HI. treated with Klenow polymerase, and 
ligated with XhcA linkers in order to remove the 1.8-kb fragment con- 
taining exim 2 and add a restriction site compatible with the PGK-NEO 
cassette. This 1.9-kb cassette was previously modified by changing the 
BaiiiHl site at its 3' end to an Xho\ site by use of Klenow polymerase 
and X/nA linkers. 1) The Xfid fragment containing the PGK-NEO 
cassette was subcloned into the cyp2cJ gene at the Xhci site. 5) The 
cyp2el construct, com aiding the PGK-NEO cassette was digested with 
AfM. treated with Klenow polymerase, and ligated with HJndlU link- 
ers. 6) The cyp2el gene was released from this construct by digestion 
with SaA and HinAlft and inserted into the corresponding sites of 
pMClTK plasmid (29) containing the l lerpes simplex vims thymidine 
kinase gene. The resulting plasmid was used as a targeting vector. 

Production of Chimeric A lio*— The plasmid DNA used for targeting 



was purified by banding twice on cesium chloride. After linearization 
with Hin&XSl, 40 pg was el ectropo rated Into Jl embryonic stem (ES) 
celts (30) using conditions described previously (31). ES cell clones 
resistant to both G418 and ganciclovir (gift of Syntex) were selected and 
screened for homologous recombination, and clones having the expected 
Southern blot pattern for a homologous recombinant (see below) were 
regrown and injected into CS7BL/6N blastocysts. The blastocysts were 
transferred into the uterus of a pscudopregnant recipient NIH Swiss 
mouse in order to produce an animal exhibiting chime rism (32). Male 
chimeras presenting greater than 95% 129/SV contribution, as deter- 
mined by coat color, were bred with C57B1VGN females to determine if 
the trait was transmitted to the germ line. Southern blot genotyping 
performed on DNA extracted from tall dips, was used to score for the 
presence of the mutated cyp2el gene in the progeny. Homozygotes were 
produced by crossing the Fl generation. 

Genotyping of ES Cells and Mice — DNA was isolated from ES cells 
and mouse tail clips as described previously (33) and digested with 
either DgRl or Spd. The digested DNAs were subjected to electrophore- 
sis in 0.6% agarose gels and transferred to GeneScreen Plus nylon 
membranes (DuPuut) using 0.4 n NaOH. The conditions for hybridiza- 
tion and washing were described previously (31). A 3 '-flan king prube 
derived from a Afffi-CJal genomic fragment (see probe P5, Fig. I A) was 
labeled with (^PjdCTP using random priniei-& This probe hybridizes 
with 5.9 and 3.2 kb Bgl\\ fragments and with a 6.3 kb Spe\ diagnostic 
fragment for the wikMypc cypZeJ allele. The luimologous reconil>inant 
allele generated fragments of 5.5 and 7.7 kb corresponding to digestions 
with Dgh\ and Spel. respectively (see fig. 1, A-Q. Mice homozygous for 
the disrupted cypZel allele weie designated cyp2el~'~. 

Analysis of CYPZEi Pxjiressfon—Mice were killed by rarlxin monox- 
ide cisphy via linn, and 400 ntg nf liver tissue was disrupted using a 
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Teflon -glass homogenize! in 3 ml of a buffer containing 20 ium Tris HCL 
pH 7.5, 1 mM EDTA. 25 mM KCI, 1 mM phenylmethylsulfonyl fluoride, 
1 mw dithiothreitol. and 10% <v/v) glycerol. The homogenate was een 
trifuged Tor 20 min at 10.000 >; g, and the supernatant was centrifuged 
for 12 min at 500.000 X g in a Beckman Optima TL tabletop ultracen- 
irifuge to recover microsomes. All operations were performed at 4 *C. 
The microsome pellets were resuspended by Itomogenization in 0. 1 m 
sodium potassium phosphate buffer, pH 7.4, containing 20% (v/v) glyc- 
erol and stored at —80 "C until use. Protein concentrations were deter- 
mined with the btchinchonintc acid reagent (Pierce) using bovine serum 
albumin as a standard. SDS-polyacryiamide gel electrophoresis was 
carried out according to Laemmli (34) using 10 y% of microsomal pro- 
tein. Proteins were elect roblotted to nitrocellulose membranes by semi- 
dry transfer. Immunoblotting was performed according to Towbin et aL 
(35). Rabbit antibodies against CYP1A2 (36), CYP2A1 (37). CYP2B1 
(38), and CYP3A1 (39) were produced as described earlier. Rabbit 
amisera against CYP2C6 was produced by Dr. Kiyoshi Nagata (Tohoku 
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Fig. 2. Western immunoblots of different P-450s in cyp2el w ~ 
mice. Each lane was loaded with 10 /ig of microsomal protein from a 
single mouse. 



University. Sendal Japan). Antibody to CYP2E1. produced in goat, was 
obtained from theGemest Coip. Hie secondary antibodies, labeled with 
horseradish peroxidase, were from Amersham Corp. 

Messenger RNA was analyzed by Northern blots using liver RNA 
and the rat CYP2E1 cDNA as a probe. Total RNA was isolated from 
liver tissue using guanidinium thiocyanate extraction (40) and cesium 
trifluoroacetic acid centrifugation as described previously (31). Ten ug 
of total RNA was subjected to electrophoresis on 1% agarose gels con- 
taining 2.2 m formaldehyde (41) and blotted to GeneScreen Plus (Du- 
Pont) nylon membranes using 3 M NaCl and 0.15 m sodium citrate, pH 
7.0. The CYP2E1 cDNA was labeled using random primers and 
["PJdCTP. Tlie conditions for prehybridization, hybridization, and 
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Fic. 3. Analysis of RNA In livers or cyp2el~*~ mice. Each lane 
was loaded with 10 /ig of total liver RNA from a single mouse. The blot 
was exposed for 24 h with aid of an intensifying screen. 
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PfC. 4. Survival rate of cyp2el -/- ('. ) and wild-type (■) mice as a function of the dose of acetaminophen administered. Croups of 
10 mice were injected iiiiraperilunefllly with acetaminophen in alkaline saline and survival scored after 48 h. Two complete and iJicle|X*ndem 
experiments were per funned. The curves werr manually fit to the data points. 
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washing were described previously <31). 

AceTsminopiien Taxiciry—Tiw protocol for dosing mice with acet- 
aminophen was app roved by the National Cancer Institute's Animal 
Care and Use Committee (Protocol LMCE-023). Male cyp2el~'~ and 
wild-type strains, from 2 to 4 months of age, were administered acet- 
aminophen by intraperitoneal injection at doses ranging from 0 to 800 
mgfltg in alkaline saline solution. Each dose group consisted of 10 mice. 
To score toxicities, the number of surviving animals at 48 h were 
quantified. Two complete and independent experiments were conducted 
over the same dose range. From the remaining mice, blood was collected 
and serum was used to determine the levels of bilirubin, creatinine, 
alkaline phosphatase, aspartate aminotransferase, and alanine amin- 
otransferase. These measurements were performed by the Diagnostic 
Services and Clinical Pathology Laboratory of the Uniformed Services 
University of the Health Sciences Clinical Chemistry Department using 
a Kodac Ektachem 250 automated plasma analyzer. 

RESULTS AND DISCUSSION 

Production and Characterization of the cyp2el~'~ Mice — 
The cyp2el gene was isolated from a 129/SV mouse genomic 
library. The genomic clone spanned 14-2 kb and contained the 
complete coding region (Fig. I A). The gene was disrupted by 
the replacement of exon 2 with the PGK-NEO cassette. A 
diagnostic probe, designated probe P5 and shown in Fig. XA, 
was generated that detects homologous integrations of the 
targeting construct into the gene. Mice having the wild-type 
allele are expected to yield a 5.9-kb BgM and a 6.3-kb Spe\ 
fragments. A typical autoradiography of a Southern blot of 
DNA from the ES cell clone AY 168 arid control ES cells hybrid- 
ized with the probe P5 is shown in Fig. IB. Upon longer expo- 
sure of the blot, an expected 3.2-kb BgRl fragment was also 
detected. Specific recombinants had diagnostic 5.5- and 7.7-kb 
fragments from BgJIJ and Spel, respectively. Screening of mice 
generated by breeding for he tero zygotes for the disrupted 
cypZel allele is shown in Fig. 1 C. Heterozygous mice have the 
diagnostic fragments corresponding to the wild- type and dis- 
rupted alleles, whereas mice that have two copies of the dis- 
rupted allele yielded the 5.5- and 7.7-kb fragments after diges- 
tion with BgM.1 and Spel, respectively. Hybridization with the 
PGK-NEO gene as a probe revealed only a single hybridizing 
fragments of 2.3, 7.7, and 11.3 kb for the Bglfl- t Spel-, and 
v4pal -digested DNA (data not shown), demonstrating that this 
clone did not contain any additional random integration of the 
targeting construct. 

Mice homozygous for the disrupted allele, designated 
cyp2el ~ f ~ , were born normally and appeared indistinguishable 
from their wild-type counterparts. No differences were found 
between litter size and growth rates for the eyp2e J -/ ~ animals 
as compared with wild -type littermate controls^ The expression 
of CYP2E1 was determined by imniunoblotting with anti-rat 
CYP2E1 antibody. As expected, a complete absence of protein 
expression was. found in the livers of cyp2el~ /_ mice (Fig. 2). 
The liver is the primaiy site of expression of this P-450 (16). 
P-45Gs in the CYPIA. CYP2A. CYP2B. CYP2C, and CYP3A 
subfamilies were expressed in the cyp2el~'~ mice at similar 
levels to those found in control animals, thus indicating that 
the loss of CYP2E1 was not compensated by an increase in 
expression of other P-45Gs, although it remains a possibility 
that a P-450 not detected with our anti-rat P-450 antibodies is 
overexpressed. 

The expression of CYP2E1 mRNA was also analyzed in the 
cyp2el~ /_ mice. Two transcripts were detected in the liver of 
norma] mice and mice heterozygous for the disrupted allele 
(Fig. 3). In the cyp2el~ ;_ mice, neither of these rwo RNA 
transcripts were found. Instead, two lower abundance RNAs 
slightly smaller than the transcripts present in wild- type ani- 
mals were detected. These may be transcripts from the dis- 
rupted allele that should be smaller than a transcript from the 
normal allele since exun 2 is deleted in the disrupted allele. The 
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Fig. 5. Determinations of aspartate aminotransferase (panel 
A} and alanine aminotransferase (panel B) activities in serum of 
cyp2el ~*~ (O) and wild -type (■) mice as a function of the dose of 
acetaminophen administered. The mean + standard deviations arc 
shown with n = 3 (• p< 0.05, ** p < 0.01, *** p < 0.001). At the 600 
mg/kg dose group for the wild-type mice in pane] B. two animals were 
analyzed. 

lower abundance of these RNAs, as compared with those from 
the wild- type allele, is not surprising since mRNAs that do not 
encode a normal protein are usually not stable. In any case, the 
protein and RNA establish with certainty that the cyp2el gene 
is not expressed in the knockout animals. The change in size 
and abundance of the high molecular weight transcript anneal- 
ing with the CYP2E1 cDNA in the cyp2el ~'~ mice suggest that 
it is not due to a cross-hybridizing mRNA derived from another 
gene but is most likely a read-through transcript of the cyp2el 
gene with an alternate polyadenylaLion signal. 

Acetaminophen Toxicity— P-450s have been implicated in the 
hepatotoxicity of acetaminophen. To determine whether 
CYP2E1 influences the toxicity of this compound in mice, the 
cyp2el animals were administered the drug and compared 
with wild- type mice. Survival curves indicated thar the 
cyp2el ~ / ~ mice were more resistant to acetaminophen toxicity 
than wild-type animals (Fig. 4). Levels of 400 mg of acetamin 
uplien/kg producing toxicity in wild- type mice in this study 
were similar to those that produced toxicity in other studies 
(20. 23). Cyp2el~'~ mice survived at doses up to 400 mg/kg, 
whereas over 50% of wild-type animals died at these doses. 
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To determine the mechanism of toxicity, levels of enzymes 
and other serum components, some of which are diagnostic for 
liver and kidney injury, were measured in serum of treated 
mice that survived in the experiments described above. At all 
doses, levels of creatinine, bilirubin, and alkaline phosphatase 
were within the normal range for mice and were not signifi- 
cantly different between the cyp2el _/ ~ and wild-type mice. In 
contrast, liver enzymes aspartate aminotransferase and ala- 
nine aminotransferase were elevated at high doses of acet- 
aminophen (Fig. 5). Elevation of these liver enzymes, which are 
considered a measure of liver cell death, were detected at doses 
of 200 and 400 mg/kg in wild- type animals but were unchanged 
at these doses in the cyp2el ~'~ mice. These data indicate that 
liver damage is involved in mediating the toxicity of acetami- 
nophen. This was confirmed by analysis of liver histology of 
acetaminophen- treated mice (data not shown). At doses higher 
than 600 mgfkg, a significant level of toxicity was also found in 
the cyp2eI~ / ~ mice. These data suggest that CYP2E1 mediates 
the hepa totoxicity of acetaminophen. Other P-450s such as 
CYP1 A2 having a higher K m for acetaminophen may be respon- 
sible for the toxicity in cyp2el _/ ~ mice at high doses of the 
drug. 

The present study using mice lacking expression of CYP2E1 
establish that although this P-450 is highly conserved in mam- 
mals, it does not appear to play a significant role in develop- 
ment, reproductive vitality, and physiology. Under conditions 
of exposure to certain chemicals, CYP2E1 accentuates toxicity. 
Efforts are underway to use this animal model to determine 
whether this enzyme is responsible for the carcinogenicity of a 
number of its chemical substrates including Mnitrosodirneth- 
ylamine and phenacetin. 

CYP2E 1 may also exert a role in alcoholic liver disease. Lipid 
peroxidation was found to be associated with alcoholic liver 
injury in humans and experiment animals (42). This could be 
the result, in part, of increased oxygen radical production by 
ethanol-induced CYP2E1 (7). The cyp2el -/ " mice could be used 
to test this possibility. 

During fasting and diabetic ketosis, serum acetone, acetol, 
and 1,2-propanediol are elevated. CYP2E1 is concommitantly 
induced due to protein stabilization by acetone (16). Acetone is 
primarily oxidized to acetol by CYP2E1. Acetol is further me- 
tabolized to 1 ,2-propanediol by the same P-450 in a pathway of 
gluconeogenesis, suggesting a physiological role for this P-450 
during pathophysiological and dietary stress (8). The 
cyp2el ~'~ mice should be of use to determine if CYP2E1 plays 
an essential role in survival under conditions of starvation. 
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The neurotransmitter serotonin [5-hydroxytryp- 
tamine (5-HT)] is causally involved hi multiple 
central nervous facets of mood control aid in 
regulating sleep, anxiety, alcolidism, drug 
abuse, food intake, and sexual behavior (7). In 
peripheral tissues, 5-HT regulates vascular tone, 
gut motility, primary lemostasis, and cell- 
mediated immune responses (/> 5-HT is synthe- 
srzed in two steps, with tryptophan hydroxylase 
(TPH) as the rate-limit- 
ing enzyme (2). TPH be- 
longs to a superfamity of 
aromatic amino acid hy- 
droxylases, together with 
phenylalanine (PAH) 
and tyrosine hydroxy- 
lases (TH), and has been 
detected mainly in the 
brain stem and gut en- 
lerochromaflm cells (2\ 
To study the physio- 
logical impact of the loss 
of 5-HT synthesis, we 
generated mice geneti- 
cally deficient for TPH 
(Tph~/-y Like wild- 
type (7pft+/+) siblings 
and the mouse strains 
from which the Tph~i~ 
animals were derived, 
Tph- 1- mice still ex- 
pressed normal amounts 
of 5-HT m classical sero- 
tonergic brain regions. 
However, Tpfi—f— mice 
lacked 5HT in the pe- 
ripliery except for in tlie 
duodenum (Fig 1AX 
which contained about 
4% of normal 5-HT lev- 
els, probably because of 
the serotonergic neurons 
in this tissue (3). Concor- 
dantly, Tph—I— mice 



Tluoughput Genomic Sequences database of 
GcnBank with short translated sequences of Tpfi 
and obtained a human genomic clone on clirumo- 
sorne 12, with an open reading frame similar to 
Tpix exon 4, but different from Pah t which is 
located on the same cliromosome. On the basis of 
this sequence, we performed 5'- and 3' -RACE 
experiments with brain RNA of Tpft-/- mice 
and obtained die full-length cDNA (referred to as 
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exliibited no significant 



behavioral cuflerences in 
elevated pi its maze aixl 
liole board tests ( laHe SI J. which are indicative 
lor 5-HT related behavior. 

Despite suggestions of a possible second 
TPII isoform (*/). molecular verification has 
been lackino. Therefore, we screened die Hiuh 



Fig. 1. (A) 5-HT in whole blood, duodenum, hippocampus, and frontal 
cortex of 129Svj, C57BL/6, Tph+f+. and Tph~/~ mice, rui, below the 
detection limit of the assay (<5 pg/ui)* *. statistically significant {P < 
0.05), as compared with all other investigated mouse lines. +, statistically 
significant (P < 0.05), as compared with 7pn+/+ mice, but not with other 
laboratory mouse lines. (B) RNase protection assays with probes specific 
for the two isoforms reveal the presence of TpM mRNA in ouodenum of 
wild- type animals, but not in Tph-f- mice. TphZ mRNA is present 
exclusively in brain, irrespective of the genotype. (C) Reversed- phase 
HPLC-FD chromatograms of TPH activity assays (Top) Untra refected 
COS7 celts. (Bottom) COS7 cells transiently transfected with a eukaryotic 
expression vector containing the mouse TphZ cDNA 5-HyoToxylated 
tryptophan (5-HTP) etutes with a retention time of 5 mia 



Tpft2: GenBanJc AY090565; fig. SI ). which was 
differed from the known Tph (referred to !>ere 
now as Tpftl), Pali, and 77/ of the mouse. 

We detected Tpfil mRNA in llie duodenum, 
but not in the brain, by riboiiuclease (RNase) 



protection assays (RPAs) specific for each Tph 
isoform (Fig. IB). In contrast TphJ was detect- 
ed exclusively in tlie brain (Fig. IB). Brain stem 
total RNA samples from wild-type mice re- 
vealed about 150 times more Tph 2 man TpJtl 
mRNA by RPAs (5). 

Transfected COS7 cells expressing TPH2 
acquired tryptophan-hydroxy lating activity, 
coru'rnning the identity of this enzyme (Fig. 
1C). Moreover, commercially available anti- 
bodies against TPH1 also detected TPH2 in 
transfected cells (5), thus explaining previous 
detection of TPH in the brain. 

We also cloned and sequenced the rat and 
human TPH2 homologs (GenBank AY09S915 
and AY098914; fig. SI) and detected TPH2 
expression in rat brain (5). By searching Gen- 
Bank, we found one homologous expressed 
sequence tag from chicken and several from 
zebrafish brain, in addition to a sequence from 
zebrafisli ovary with high 1 pomology to the 
mammalian TPH1 (<5). 

The discovered duality of die serotonin sys- 
tem in vertebrates may open up new avenues 
for specific therapeutic approaclves exclusively 
affecting central or peripheral 5-HT actions. 
This is particularly important, because of efforts 
to find diagnosticaTly useful correlations be- 
tween peripheral levels of 5-HT and its metab- 
olites and 5-HT function in the central nervous 
system of human patients suffering from psy- 
chiatric disorders (7). Also, numerous attempts 
linking porymorprrisms in the Tphl gene with 
such diseases (i) have U> be reconsidered now 
that it is known that this gene is hardly ex- 
pressed in the brain. 
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Transglutaminase 2 (TGase 2), or tissue transglutaminase, catalyzes either e-(7-gtutamyl) lysine or N 1 ^ 9 - 
(Y-glutamyl)spermidine isopeptidc bonds. TGase 2 expression has been associated with apoptosis, and it has 
been proposed that its activation should lead to the irreversible assembly of a cross-linked protein scaffold in 
dead cells. Thus, TGase 2-cata!yzed protein polymerization contributes to Che uitrasirnctural changes typical 
of dying apoptotic cells; it stabilizes the integrity of the apoptotic cells, preventing the release of harmful 
intracellular components into the extracellular space and, consequently, inflammation and scar formation. In 
order to perform a targeted disruption of the enzyme, we prepared a construct deleting part of exons 5 and 6, 
containing the active site, and intron 5. Complete absence of TGase 2 was demonstrated by reverse transcrip- 
tion-PCR and Western blot analysis. TGase activity measured on brer and thymus extracts showed, however, 
a minimal residual activity in TGase 2~'~ mice. PGR analysis of mRNA extracted from the same tissues 
demonstrated that at least TGase 1 (normally present in the skin) is also expressed in these tissues and 
contributes to this residual activity. TGase 2~'~ mice showed no major developmental abnormalities, and 
histological examination of the major organs appeared normal. Induction of apoptosis ex vivo in TGase 2~'~ 
thymocytes (by CD95, dexamethasone, etoposide, and H 2 0^ and in vitro on TGase 2~'~ mouse embryonal 
fibroblasts (by retinoids, UV, and tfjO^ showed no significant differences. A reduction in cross-linked 
apoptotic bodies with a modestly increased release of lactate dehydrogenase has been detected in some cases. 
Together our results show that TGase 2 is not a crucial component of the main pathway of the apoptotic 
program. It is possible that the residual enzymatic activity, due to TGase 1 or redundancy of other still- 
unidentified TGases, can compensate for the lack of TGase 2. 



Transglutaminase 2 (TGase 2; also called tissue transglu- 
taminase or TG C) belongs to the transglutaminase (EC 
2.3.2.13) family, which includes intracellular and extracellular 
enzymes catalyzing Ca 2 "'"-dependent reactions resulting in the 
formation of E-(y-glutamyl)lysine cross-links and/or in the co- 
vaJent incorporation of di- and polya mines and histamine (25, 
26). Hie establishment of these covalent cross-links leads to 
the posttranslational modification and, in many instances, the 
oligomerization of substrate proteins. The resulting protein 
polymers are resistant to breakage and chemical attack and can 
release polypeptides only through the proteolytic degradation 
of protein chains. At least seven distinct types of TGases in 
mammals have been characterized: TGase 1 (or TG K), TGase 
2, TGase 3 (or TG E), TGase X, coagulation factor XIII, 
band 4.2., and prostate TGase. At least four transglutaminases 
(TGases 1, 2, 3, and X) are expressed and synthesized during 
terminal differentiation and death of human epidermal kera- 
tinocytes (44, 45), where they contribute to the formation of 
the cornified envelope. 

The TGase 2 gene is constitutivcly expressed both during 
development (29, 48) and in adult tissues (for a review, see 
reference 36). In both cases a tight correlation between TGase 
2 expression and occurrence of apoptosis has been found. This 
includes, for example, intcrdigital web formation (29). implan- 
tation of the embryo in utcro (35). and mammary gland re- 
gression (31. 46). In addition, the presence and activity of the 
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enzyme have been shown to increase in cells undergoing apo- 
ptosis in several models (2, 9, 10, 21, 23-25, 32-34, 37, 40). 
Indeed, during apoptosis de novo transcription of the TGase 2 
gene is induced by several factors (e.g., retinoic acid [RA], 
prostaglandin E2, interleukin 6, and tumor growth factor (3). 
Moreover, in addition to transcriptional regulation (24, 28, 41), 
TGase 2 can also be modulated posttranscriptionally (1, 23, 50) 
during apoptosis. TGase 2 activation leads to the assembly of 
intracellular cross-linked protein polymers, which irreversibly 
modifies cell organization, contributing to the wide ultrastruc- 
tural changes occurring in cells undergoing apoptosis (9, 10, 
39). This extensive TGase 2-dependent protein polymerization 
stabilizes apoptotic cells before their clearance by phagocyto- 
sis, thus contributing to the prevention of inflammation in the 
surrounding tissues (39). 

In addition to its cross-linking activity, TGase 2 acts as the 
Godi subunit, associated with the 50-kDa p subunit (Gph), of 
the GTP-binding protein (Gh) in a ternary complex associated 
with the rat liver al-adrenergic receptor (30). Thus, TGase 
2-Godi is a multifunaional protein, which by binding GTP in a 
Goth-GTP complex can modulate receptor-stimulated phos- 
pholipase C activation. 

In order to clarify the role of TGase 2 in apoptosis we have 
generated mice lacking TGase 2 by homologous recombination 
techniques. Our results, however, show that the disruption of 
TGase 2 does not produce a major phenol ype and that apo- 
ptosis still occurs normally in the absence of TGase 2. 

MATERIALS AND METHODS 

Reagents. Ham's F- 1 2 and minimal essential media were from Gihco (Berlin. 
Germany), and fee :tt calf serum was from HyClone (Oud-Beijerinnd, The Neth- 
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FIG. 1. (A) Schematic representation of the targeting construct used to generate TGase 2 knockout mice. An EcoKV/BamHl genomic 
fragment (from intron 6 to exon 9) was cloned at the 5' end of the neomycin resistance gene into the pPNT vector (49). Subsequently, a PCR 
fragment from exon 4 to exon 5 was cloned into this vector at the 5' end of the neomycin resistance gene, using an Xho\ site. As a result, part of 
exon 5 and the totality of exon 6 (containing the active site) and intron 5 were deleted. The arrows show the positions of the primers used for the 
screening of the recombinant clones (Nl and S2) and the genotyping of the mice (Al, NL, and SI). Intron positions were obtained by direct 
sequencing or PCR analysis with primers located in the flanking exons. The position of exon 7 was not determined, and therefore its position in 
the scheme is arbitrary, hsv TK, herpes simplex virus thymidine kinase. (B) PCR screening for the recombinant done using a primer in die 
neomycin resistance gene (Nl) and a primer on the TCase sequence (S2) in a region upstream of the fragment used to generate the targeting 
vector. Lanes 1 to 3 contain wild-type clones, and lane 4 contains the recombinant clone used to generate chimeras. (C) PCR screening for the 
genotyping of the mice. Three different primers (see Materials and Methods) were used at the same time: an antisense primer on the neomycin 
resistance gene (Nl), an antisense primer in intron 5 (Al) deleted in the targeted alleles, and a sense primer in intron 4 (SI) present in both 
wild-type and targeted alleles. 



er lands). HEPES, bovine serum albumin (BSA), RNase A, propidium iodide 
(PI), Triton X-100, RA, tyrtf'-dunelhyleasein, and putrcscine were obtained from 
Sigma Chemical (Sl Louts, Mo.). The mouse monoclonal anti-TGasc 2 antibod- 
ies (done CUB 7402 and done CUB 7402+TG100) were purchased from Neo- 
Markers (Union City, Calif). All electrophoresis reagents and secondary anti- 
bodies were from Bio-Rad (Richmond, Calif.) [ 5 J Ijputresctnc was obtained from 
Amersham (Arlington Heights, HL). 

Generation of TGase 2-defident mice A genomic clone containing the 
genomic sequence 3' of exon 5 was isolated by screening a 129/SvJ mouse 
genomic library (Stratagene, La Jolta, Calif.). The targeting vector (Fig, 1 A) was 
constructed by doning an — 4-fcb EcoRVfBamHl fragment of this done, con- 
taining the sequence from intron 6 to exon 9, into the pPNT veciOT (49) 3 ' of the 
neomycin resistance gene between the Xbal and BamHl unique sites. An -2-tb 
fragment containing intron 3 was generated by PCR using primers designed on 
the basis of the sequence of exons 4 and 5. This fragment was cloned into the 
Xho\ site of the pPNT vector 5' of the neomycin resistance gene. This construct 
deletes 1.2 kb containing part of exon 5, intron 5, exon 6, and a small piece of 
intron 6 up to the£coRV site. 

The targeting vector was linearized by Noil and elect roporated into embryonic 
stem cells. Cells were selected with G4JS and ganciclovir. Surviving clones were 
screened by PCR using the following primers: S2 (5'AGCC'GaTGATGTGTA 
CCTAGAC3') and Nt (5*ACC,AGACTAGTCAGACGTGC3') (Fig. IB). The 
following PCR program was used: 95 C for 5 min. followed by 40 axles of 94 "C 
for 1 min. 5S'C for 1 min. and 72 C for J min. PCR products were resolved on 



a 0.8% agarose gel and stained with ethidium bromide. The positive clone was 
then confirmed by Southern blotting. 

Cells from the positive done were microinjected into C57BL/6 blastocysts and 
transferred into pseud op regnant recipients by Genome Systems, Sl Louis, Mo. 
The six chimeric animals obtained were bred with C57BL/6 mice. The genotype 
of the subsequent offspring was determined by PCR using the following primers: 
Sl (5TACTCC AGCTTCCTGTTCTG 3 ' ), Al (5 'TCCTG ACCTG AGTCCTCG 
TC3'X and Nl (Fig \\ The following PCR program was used: 95*C for 5 min, 
followed by 30 cycles of 94 C C for 1 min, 56'C for 45 s, and 72°C for 1 min. PCR 
products were resolved on a \% agarose gd and stained with ethidium bromide. 
Each mouse was individually genoryped before every experiment. 

Cell cultures. Mouse embryonic fibroblasts (MEFs) and thymocytes were 
grown in a 1:1 mixture of minimal essential medium and Ham's F-12 medium 
supplemented with 10% heat-inactivated fetal calf serum, \2 g of sodium bicar- 
bonate per liter, and 15 mM HEPES at 37°C with 5% COj in a humidified 
atmosphere. 

Western blotting. Livers were homogenized in 3 ml of cold lysis buffer con- 
taining 100 mM Tris-HCl (pH 7.4). 10 mM RCL 2 mM MgCl* 0.1% Triton 
X-I0a 1 mM EDl'A and 1 mM phemlmethylsulfonyl fluoride. They were then 
centrifuged, and the protein content of the supernatants was determined using 
the Bradford method (Bio-Rad). Proteins were normalized to 30 Mg/lnne. sep- 
arated on sodium dodecyl sulfate (SDS)-12^ polyacrylamide gels, and blotted 
onto niirocdlulosc; sheets. Filters were washed twice with phosphate -buffered 
saline (PBS) containing 0.1% Twecn 20 before blocking nonspetinc binding 
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overnight wich 10% nun fa i milk and 5% BSA dissolved in PBS-0.1^. Tween 20. 
The TGase 2 antigen was detected t<y incubation for 2 h with a 1:1 mixture of 
mouse monoclonal anti-TGase 2 antibodies (1:300 in PBS-CU<£ Tween 20). 
Nitrocellulose filters were washed five times, and detection was performed by 
horseradish peroxidase-conjugated goat anti-mouse monodonal antibody (1: 
2.500 in PBS-0.1<5> Tween 20 with 10% milk and 5% BSA) for 1 h at room 
temperature, using the ECL method (Amersham). 

Enzyme assay, TGase activity was determined by measuring the incorporation 
of ( 5 H]putrescine into rV.rV '-dirnethylcaseio (22, 26). The reaction mixture con- 
tained 150 mM Tris-HCl buffer (pH $3\ 90 mM Nad, 10 mM dithiothreitol, 15 
mM CaCl?. 1X5 mg of A^'-dnneihylcasain/mL and 0.2 mM pulrescine contain- 
ing 1 fiO of [ 3 HJputrescine. Proteins from different tissue and cellular extracts 
(0.1 to 0.3 mg) were incubated with the reaction mixture in a final volume of 150 
p.1 at 3TC. After 20 min of incubation, the reaction was stopped by spotting 
100-pJ quadruplicate aliquots onto Whatman 3MM filter paper. Unbound 
I 3 ITJpntrescine was removed by washing with large volumes of 15, 10, and 5% 
trichloroacetic add and absolute ethanot. Fitters were then air dried and the 
radioactivity was measured by liquid scintillation counting. 

PCR analysis of TGases 2 and 1. Tola) RNA was extracted from mouse livers, 
using the RNeasy mini kit from Qiagen (Crawley, United Kingdom). Reverse 
transcription (RT)-PCRs were performed with the RT-PCR One Step System 
(life Technologies, Paisley, United Kingdom), using 100 ng of total RNA. 
according to the manufacturer's instructions. The primers used for the amplifi- 
cation of TGase 2 were TG30 (5'GACAACAACTATGGGGATGGT3') and 
TG9B (5 ' ATC ATCTCG CTCTTGTTCGTC3' ). The primers used for the am- 
plification of TGase 1 were MTGlF <5'ACCACCACAGTGCTCCGATG3 , > 
and MTG1R (CCACACGTGGAAGTTCCAAAC3'). The following PCR pro- 
gram was used in all cases: ATC for 30 min and 94X for 2 min, followed by 35 
cycles of °4*C for 30 s, 5TC for 30 s, and TPC for 30 s. PCR products were 
resolved on a 1.6% agarose gel and stained with ethidiuxn bromide. 

Determination of ceO death. To estimate DNA fragmentation, a mixture uf 
floating cells and cells mechanically recovered from flasks, which had been 
subjected to different treatments, were collected at 800 X g for 10 min and fixed 
with a 1: 1 solution of PBS and methanol -acetone (4:1, vol/vol) at - 20*C. The cell 
cycle was evaluated by flow cytometry using PI staining (40 mgtal) (22) in the 
presence of 13 kU of RNase A per ml (20 min of incubation at 3TQ on a 
FACS-Calibur flow cytometer (Becton Dickinson, San Jose, CaKf). Cells were 
excited at 488 nm using a 15-oiW argon laser, and the fluorescence was moni- 
tored at 578 ran at a rate of 150 to 300 events/s. Ten thousand events were 
evaluated using the Cell Quest program (Becton Dickinson). Electronic gating 
(FSC-a/vs/FSC-h) was used, when appropriate, to eliminate cell aggregates. 

LDH release. For measurement of lactate dehydrogenase (LDH) levels, a kit 
was used according to the manufacturer's instructions (Sigma Chemical). Briefly, 
the cell culture supernatant was incubated with pyruvate and NADH, and the 
LDH activity was determined photometrically at 340 nm. 

Quantification of cross-linked apoptoiic bodies. Cross-linked apoptotic bodies 
were estimated on cells cultured in 175-cm 2 flasks, as previously described (26). 
Cells floating in the culture medium were collected by centrifugation at 800 x g 
for 10 min and pooled with the cells mechanically recovered from flasks. After 
being washed in PBS, cells were suspended in 1 ml of lysis buffer (10 mM KCL 
2 mM MgClj, and 0.5% Triton X-100 in 10 mM Trts-HCL pH 7.4) containing 1 
mM phenylmethylsulfonyl fluoride and 2 mM iodoacetamkle. After centrifuga- 
tion the pellet was washed in lysis buffer, suspended in a 2% sodium dodecyl 
sulfate solution containing 5% ^-mercaptoethanol and boiled, and the number 
of detergent-insoluble apoptotic bodies was scored using a phase-contrast mi- 
croscope (Diaphot; Nikon) and normalized to milligrams of protein. 

RESULTS 

Generation of TGase 2-deficicnt mice. The TGase 2 gene 
was disrupted by homologous recombination. The targeting 
vector deletes 1,200 bp of the TGase gene from exon 5 to 
intron 6. This deletion includes exon 6, which contains the 
active site. The Joss of the catalytic site abolishes the protein 
cross-linking activity of TGase 2, consequently removing its 
presumed role in ihe formation of the apoptotic body. Figure 
I shows the targeting vector and the screening strategy. 



TGase 2~ ! ~ mice show no clear phenotypic abnormality 
(macroscopic or microscopic); they develop normally and are 
capable of reproducing at the expected f requency. 
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FIG. 2. (A) Western blotting performed on liver extracts from wild- 
type and TGase- knockout mice with anti-TGase 2 antibody. Thirty 
micrograms of total protein was loaded in each lane. Recombinant 
guinea pig TGase 2 (0.1 u,g) was used as a positive control (C). This 
blot is representative of experiments performed on different tissues 
from four different animals per group. (B) TGase enzymatic activity 
measured in extracts front different mouse tissues and cultured MEFs 
in both wild-type and TGase- knockout mice. Activity was measured as 
incorporation of [ 3 H]putrescine into casein. Standard deviations for 10 
different evaluations are shown. (C) RT-PCR performed on RNA 
extracted from thymus tissues of wild- type and TGase-knockout mice 
using primers for TGase 2 and TGase 1. 



hi order to confirm that no TGase 2 protein is produced in 
TGase 2-delicienl mice, we performed Western blot analysis 
on liver, thymus, brain, and erythrocyte extracts from wild-type 
animals (TGase 2*'*) and from TGase 2" 1 ' mice. Our results 
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FIG. 3. Hypodiploid events in wild-type and knockout mouse thymocytes, either left untreated (spontaneous programmed cell death [PCD]) 
(bottom curves in panel A) or treated with etoposide (25 u.M) (top curves in panel A), anti-CD95 agonist antibody (1 jtg/ml) (B), dexamethasone 
(10 u.M) (C), and H^O, (30 n-M) (D). Cells were treated for 6, 12, and 24 h, then fixed with a 1:1 solution of PBS and methanol -acetone (4:1, 
vol/vol) at -20°C and stained with PL The number of events (10,000 collected) with hypodiploid DNA was measured by flow cytometry. The data 
reported are averages of four independent experiments performed on different mice. *, P - 0.0352 for +/+ versus -/— mice; **, P = 0.0451 for 
+/+ versus -/-mice (according to the Student t lest). Differences not indicated are not statistically significant. 



show the absence of TGasc 2 protein in the -/- animals (Fig. 
2A shows liver extracts). However, measurement of TGase 
activity (Fig. 2B) in different tissues extracted from TGase 
2~'~ animals showed that some residual TGasc enzyme activity 
was still present. Indeed, while erythrocytes showed a reduc- 
tion in activity close to 100%, thymocytes showed the highest 
level of residual TGase activity, which is quite significant com- 
pared with the activity of TGase 2 +/+ animals. RT-PCR of 
RNA extracted from thymus tissues of both +/+ and —/— 
animals showed that no transcript for TGasc 2 was present in 
— /— animals (Fig. 2C). 

In order to detect and identify TGascs different from type 2, 
we performed KT-PCRs using both specific and degenerate 
primers for the catalytic site region of TGases. Figure 2C 
shows that similar amounts of TGase 1 were expressed in — /— 
and +/+ animals. This should account for the residual TGase 
enzymatic activity. 



TGase 2~'~ thymocytes and MEFs show normal induction 
of apoptosis* Since a large number of reports suggest a role for 
TGase 2 in apoptosis, including in vivo in the thymus (47), we 
studied apoptosis induced ex vivo in mouse thymocytes and in 
vitro in MEFs. 

Apoptosis was induced with different stimuli, namely, eto- 
poside (Fig. 3A), CD95 ligation (Fig. 3B), dexamethasone (Fig. 
3C), and H 3 0 2 (Fig. 3D). Figure 3 A shows also the sponta- 
neous level of apoptosis of thymocytes ex vivo. No relevant 
difference in the number of cells undergoing apoptosis was 
observed between +/+ and — /— animals with any of the treat- 
ments. 

The evaluation of apoptosis ex vivo was performed on cells 
presenting a significant TGase enzymatic activity (Fig. 2B), at 
least in part due to TGase 1. We therefore performed similar 
experiments on cultured MEFs, which show the lowest residual 
enzymatic activity (Fig. 2B). 
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FIG. 4. Hypodiploid events in wild-type and knockout MEFs treated with 1, 3, 5, and 10 mM H,0 2 fot 15 rain in PBS, washed, and then cultured 
in medium for 24 h (A); treated with 10 u,M RA for 48 and 72 h (B); or treated with UV irradiation for 1 or 3 min in PBS and then cultured in 
medium for 24 h (C). Cells were fixed with a 1:1 solution of PBS and methanol-acetone (4:1, vol/vol) at -20°C and stained with PL The number 
of events with hypodiploid DNA was measured by flow cytometry (see Materials and Methods). The data reported are averages of four 
independent experiments. (D) Corresponding transglutaminase activity in wild-type and knockout MEFs, untreated (C) or treated with 10 jtM RA 
for 48 h, UV irradiation for 3 min followed by 24 h of culture, and 5 mM H 2 0 2 followed by 24 h of culture. The data reported are averages of 
four independent experiments. Statistical differences between treated cells and the corresponding controls were evaluated. In detail, differences 
were statistically significant as follows: P - 0.0189 for control and RA-treated cells; P » 0.0013 for control and UV-treated +/+ cells; 
O, P = 0.0294 for control and UV-treated -/- cells; and □□, P = 0.0475 for control and H 2 O r treated cells. Differences not indicated were 
not statistically significant. All differences between +/+ and cells are statistically significant 



As in the ex vivo studies, no difference was observed when 
+/+ and -/- MEFs were treated in vitro with H 2 0 2 (Fig. 4A), 
RA (Fig. 4B), or UV (Fig. 4C). Treatment of +/+ MEFs with 
RA and UV resulted in an increase in TGase activity; -/- 
MEFs had a much lower basal activity that increased with UV 
and H 2 0 2 treatment, while RA treatment resulted in a de- 
crease of TGase activity (Fig. 4D). Since TGase 1 is negatively 
regulated by retinoids, while TGase 2 is uprcgulated (50), 
these results are in keeping with the evidence that the minimal 
residual activity observed in MEFs is due to TGase 1 (Fig. 4D). 
Indeed, as for thymocytes, mRNA for TGase 1 was also de- 
tected in MEFs by RT-PCR (data not shown). 



Cross-linked apoptotic body formation is present in TGase 
2~'~ mice. It has been consistently suggested that TGase 2 
induction during apoplosis results in the formation of cross- 
Jinked insoluble apoptotic bodies. In order to investigate the 
possibility that the formation of cross-linked apoptotic bodies 
is impaired in TGase 2~'~ mice, we measured the number of 
insoluble apoptotic bodies in control or RA-, UV*, and H 2 0 2 - 
treated MEFs. Figure 5A shows that apoptotic bodies also 
formed in TGase 2~'~ cells, even though the number of cross- 
linked apoptotic bodies was significantly reduced in UV- and 
H 2 O r treated -/- MEFs. 

The reduction of cross-linked apoptotic bodies could be 
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FIG. 5. (A) Cross-linked apoptotic body formation in wild-type and 
knockout MEFs. Cells were treated with 10 jiM RA for 48 h, UV 
irradiation for 3 min followed by culture for 24 h, or 3 mM H 2 6 2 for 
15 min followed by culture for 24 h. See -Materials and Methods for 
details. (B) LDH release in wild-type and knockout MEFs. Cells were 
left untreated (C) or treated with UV irradiation for 3 min followed by 
culture for 24 and 48 h, 10 u.M RA for 48 and 72 h, or 1 and 10 mM 
H2O2 for 15 min followed by culture for 24 and 48 h. The data reported 
are averages of four independent experiments. Statistical analysis was 
performed according to the Student / test to compare +/+ and —}— 
cells: *, P = 0.0014; *+, P = 0.0003. Differences not indicated are not 
statistically significant. 



accompanied by an increased release of cytoplasmic material 
from cells undergoing apoptosis. In order to evaluate this as- 
pect, we measured the release of LDH from +/+ and — /— 
MEFs after induction of apoptosis with UV, RA, and H 2 0 2 . 
Figure 5B shows that LDH release was only moderately in- 
creased (not statistically significant) in +/+ versus -/- MEFs. 
Treatment with UV* with which some necrosis was expected, 
showed a significant increase in LDH release in both +/+ and 
— /— cells. Therefore, our results are consist ent with an essen- 
tially normal induction of apoptosis. 



DISCUSSION 

We have generated TGase 2-deficient mice through homol- 
ogous recombination techniques. No TGase 2 was detectable 
in these mice by RT-PCR or Western blotting. The mice were 
viable and fertile and showed no developmental abnormalities. 
Apoptosis induced with different agents in both fibroblasts and 
thymocytes is normal. The reduction in enzymatic activity in 
— /— mice showed only a minor effect on both cross-linked 
apoptotic body formation (Fig. 5A) and LDH release (Fig. 
5B), with no major consequences for the mice. Although we 
cannot exclude the possibility that TGase 2 deficiency may play 
a role in pathological situations (11, 38), aged mice (up to 20 
months of age) do not show abnormalities such as cancer 
development and generation of autoimmunity (data not 
shown). It might be necessary to cross the mice into a more 
permissive genetic background in order to reveal an overt 
phenotype. 

Deletion of various genes involved in apoptosis does not 
always produce an evident phenotype. Mice with deleted 
caspases 1, 2, 6, and 11 do not show evident developmental 
abnormalities (51), while in other cases a very specific or min- 
imal phenotype is observed. Disruptions of other genes pro- 
duce a phenotype only when animals are stressed with specific 
inducers requiring that protein, namely, radiation on p53~'~ 
(8) or liposaccharides on caspase \~'~ (16, 18) cells. Even 
though the accredited model for apoptosis indicates the re- 
quirement for the apoptosome and in particular for apaf-1 and 
caspases 3 and 9 (for a review, sec references 6 and 17), the 
knockout of the genes for these proteins shows that thymocytes 
are still able to undergo apoptosis (for a review, see references 
5 and 51). This has elicited various explanations, including the 
existence of additional unknown pathways or compensation 
mechanisms. 

Similarly, there are different possible interpretations for the 
lack of phenotype in TGase 2 animals: (i) TGase 2 is not 
involved in apoptosis; (ii) it is not involved in the central, 
essential apoptotic machinery, but it is part of a regulatory or 
side pathway elicited only by specific inducers or only in spe- 
cific tissues; or (iii) there is redundancy in the system. 

The lack of effect on apoptosis of targeted disruption of the 
TGase 2 gene is in apparent contrast to previous evidence in 
favor of a role for TGase 2 in the apoptotic program. Indeed, 
it has been shown previously that transfection of an antisense 
TGase 2 construct into cell lines confers resistance to apoptosis 
induction, while sense transfectants show enhanced spontane- 
ous apoptosis (22). There are several reasons for this disparity. 
First, not all models of apoptosis require TGase 2. For exam- 
ple, CD95 ligation elicits apoptosis independently of the 
steady-state levels of TGase 2 protein (3); correspondingly, 
there is no change in TGase enzymatic activity during CD95- 
induced apoptosis (3). Second, other TGascs may assume the 
protein cross-linking role of TGase 2. Indeed, the TGase 2~'~ 
mice showed different degrees of TGase enzymatic activity in 
different tissues. Our data show the presence of TGase 1 in 
both +/+ and — /— mice. Recently, TGase 1 has been shown to 
exist in tissues different from the skin, namely, in the central 
nervous system (15). Furthermore, the TGase activity levels in 
-/— thymocytes is inhibited by G'lP, a property of TGase X 
(E. Candi, G. Melino. ct af.. unpublished observation), sug- 
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gesttng its expression in lymphoid tissue. Therefore, the pos- 
sibility that other TGases. and particularly TGase 1. can com- 
pensate for TGase 2 loss cannot be excluded. TGases show 
very different biochemical properties, such as k ca JK m ratio, 
residue preference, and yield (26). Therefore, it is unlikely that 
there is a perfect compensation among distinct TGases. In fact, 
TGase 1 knockout animals show a lethal phenotype, despite 
the presence of four distinct TGases in the skin (20). However, 
point mutations for TGase 1 in humans, with complete loss of 
TGase enzymatic activity (4). are compatible with life but 
cause a skin disease known as lamellar ichthyosis (12, 42), 
suggesting a different degree of compensation in humans. 

Despite the large body of data suggesting an involvement of 
TGase 2 in apoptosis, its precise role in this process is not 
evident from the present gene disruption study. While the 
TGase 2 _/ ~ animals could be used to study other functions of 
the enzyme, particularly by further crossbreeding to evaluate 
its contribution in pathologies such as celiac (7, 27) and Hun- 
tington (13, 14, 19, 43) diseases, clarification of the importance 
of TGase 2 in apoptosis may well require the generation of 
animals deficient in multiple TGases. 
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Antibodies against a conserved RNA-binding protein, the Ro 60- 
kDa autoantigen, occur in 24-60% of all patients with systemic 
lupus erythematosus. Anti-Ro antibodies are correlated with pho- 
tosensitivity and cutaneous lesions in these patients and with 
neonatal lupus, a syndrome in which mothers with antl-Ro anti- 
bodies give birth to children with complete congenital heart block 
and photosensitive skin lesions. In higher eukaryotes, the Ro 
protein binds small RNAs of unknown function known as Y RNAs. 
Because the Ro protein also binds misfolded 5S rRNA precursors, it 
b proposed to function in a quality-control pathway for ribosome 
biogenesis. Consistent with a role in the recognition or repair of 
intracellular damage, an orthologue of Ro in the radiation-resistant 
eu bacterium Deinococcus radiodurans contributes to survival of 
this bacterium after UV irradiation. Here, we show that mice 
lacking the Ro protein develop an autoimmune syndrome charac- 
terized by anti-ribosome antibodies, anti-chromatin antibodies, 
and glomerulonephritis. Moreover, in one strain background, 
Ro~'~ mice display increased sensitivity to irradiation with UV 
light Thus, one function of this major human autoantigen may be 
to protect against autoantibody development, possibly by seques- 
tering defective ribonudeoproteins from immune surveillance. 
Furthermore, the finding that mice tacking the Ro protein are 
photosensitive suggests that loss of Ro function could contrib- 
ute to the photosensitivity associated with anti-Ro antibodies 
in humans. 

Patients suffering from systemic rheumatic diseases such as 
scleroderma, systemic lupus erythematosus, and polymyosi- 
tis often produce antibodies against highly conserved RNA- 
protein complexes. A fascinating but poorly understood facet of 
these diseases is that specific autoantibodies are associated with 
distinct rheumatic disease syndromes. For example, antibodies 
against tRNAs and tRNA-synthetase complexes are commonly 
found in polymyositis, whereas antibodies against nucleolar 
components are associated with scleroderma (1). This associa- 
tion of particular autoantibodies with specific syndromes has 
been useful for establishing diagnoses and for predicting se- 
quelae that may accompany the particular rheumatic disorder. 

In two rheumatic diseases, systemic lupus erythematosus and 
Sjogren's syndrome, a major target of the immune response is an 
RNA-binding protein known as the Ro 60-kDa autoantigen. In 
lupus patients, anti-Ro antibodies are highly associated with 
photosensitivity and photosensitive skin lesions, particularly 
those of subacute cutaneous lupus erythematosus (1, 2). In 
addition, anti-Ro antibodies are associated with neonatal lupus, 
a syndrome in which maternal autoantibodies cross the placenta, 
resulting in infants with photosensitive skin lesions and a cardiac 
conduction defect, complete congenital heart block (3). 

Studies of the Ro 60-kDa protein have revealed that it is 
present in both the nucleoplasm and cytoplasm of vertebrate 
cells (4-6). In the cyloplasm. the Ro protein is complexed with 
one of several small RNAs known as Y RNAs. These Y RNAs 
are *^100 nt long, transcribed by RN A polymerase III, and bound 
almost entirely by the Ro protein (7). Hie Ro protein/Y RNA 
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complex is conserved evolutionarily, because orthologues have 
been described in mammals, the frog Xenopus loevis y and the 
nematode Caenorltobditis elegans, as well as the radiation- 
resistant eubacterium Deinococcus radiodurans (8-12). Al- 
though the function of the Y RNAs remains unknown, genetic 
depletions of the Ro protein from C. elegans and D. radiodurans 
have revealed that Ro protein binding stabilizes Y RNAs from 
degradation (12, 13). Both mammalian cells and Xenopus oo- 
cytes contain a nuclear pool of Ro protein, which is not 
complexed with Y RNAs (4-6). 

Experiments inX laevis and C. elegans have led to the proposal 
that the Ro 60-kDa protein functions in a quality-control 
pathway for ribosome biogenesis (6, 13). In Xenopus oocyte 
nuclei, the Ro protein associates with a large class of variant 5S 
rRNA precursors. To synthesize the large numbers of ribosomes 
needed for early development, X laevis contains ~ 20,000 genes 
encoding the oocyte 5S rRNA, many of which diverge from the 
consensus 5S rRNA sequence (14). The 5S rRNA variants bound 
by the Ro protein contain additional gene-encoded nucleotides 
at their 3' ends, suggesting thai they are generated by read- 
through of the first termination signal for RNA polymerase III. 
The variants also contain one or more changes from the con- 
sensus 5S rRNA sequence that cause the RNAs to misfold into 
a structure recognized by the Ro protein (15), Because these 
variant pre-5S rRNAs are processed inefficiently to mature 5S 
rRNA and eventually degraded, the Ro protein is proposed to 
function in a quality-control pathway for 5S rRNA biogenesis (6, 
15). Consistent with a role in ribosomal quality control, nema- 
todes lacking the Ro protein have increased numbers of variant 
5S rRNAs (13). 

Genetic analyses in C. elegans and D. radiodurans have impli- 
cated the Ro 60-kDa protein in the resistance to environmental 
stress. C. elegans lacking the Ro protein are defective in the 
formation of dauer larvae, a stress-resistant stage formed when 
environmental conditions are unfavorable for growth (16). D. 
radiodurans lacking the Ro protein exhibit decreased survival 
after UV irradiation. Moreover, both the D. radiodurans Ro 
protein and a Y RNA orthologue are up-regulated after UV 
irradiation, suggesting a role for the Ro ribonudeoproteins 
(RNPs) in the recognition and/or repair of intracellular dam- 
age (12). 

To examine the role of Ro RNPs in a mammalian organism, 
we created mice lacking the Ro 60-kDa protein. We reporl that 
mice lacking the Ro autoantigen develop an autoimmune syn- 
drome that shares several features with the human disease 
systemic lupus erythematosus. Similar to lupus patients, Ro~ J ~ 
mice exhibit anti-ribosome and anti-chromatin antibodies, glo- 
merulonephritis, and sensitivity to sunlight. Thus, one normal 
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function of this major lupus autoantigen may be to protect 
against the development of autoimmune disease. 

Materials and Methods 

Generation and Characterization of Ro~'~ Mice. DNAs correspond- 
ing to the first 10 kb of the mouse Ro gene (17) were isolated 
from a AFIXII mouse genomic library (129/Sv strain; Strat- 
agene) by using human cDNA (18) as a hybridization probe. To 
construct the targeting vector shown in Fig. I A, we used 
plasmids (19) in which the PGKneo cassette (pBS-neo) and 
herpes simplex virus thymidine kinase genes (pBS-TX) were 
cloned into pBluescripl SK (Stratagene). First, a 2.3-kb Pstl 
fragment containing intronic sequences between the second and 
third coding exons was inserted into the pBS-neo vector at the 
£coRI site. Next, a 3-kb Notl/EcoRl fragment containing the 
1.6-kb PGKneo cassette and 1.4 kb of Ro sequences was excised 
from the plasmid and inserted into the corresponding sites of 
pBS-TK. Last, a 4,1-kb Noil/Xbal fragment derived from the 5' 
end of the Ro genomic clone was ligated into the corresponding 
sites of the TK/PGKneo/Ro-containing plasmid. The resulting 
plasmid was linearized with Notl and electroporaled into W9.5 
embryonic stem cells. Genomic DNA from transformants resis- 
tant to G418 (200 tig/ vol) and ganciclovir (2 /iM) was digested 
with Pstl and subjected to Southern blot analysis. Clones con- 
taining the targeted mutation were injected into C57BL/6 
blastocysts, followed by implantation into pseud op regnant foster 
mothers. Male chimeric mice were mated with C57BL/6 female 
mice, and germ-line-transmitted progeny were obtained. Light 
and electron microscopic examination of kidneys was performed 
as described (20). 

For Northern blot analyses to detect Y RNAs, total brain 
tissue was lysed in TRIzol (Invitrogen), and RNA was isolated 
as described by the supplier. After fractionation in 5% poly- 
acrylamide/8 M urea gels, the RNA was transferred to Zeta- 
probe GT nylon membranes (Bio-Rad) in G\5x TBE(1X TBE = 
89 niM Tris/89 mM boric acid/2.0 mM EDTA, pH 8.3) at 150 
mA for 16 h. Oligonucleotides used to detect mYl and mY3 
RNA were 5'-AAGGGGGGAAAGTGTAGAACAGGA-3' 
and y-GAGCGGAGAAGGAACAAAGAAATCTG-3', 
respectively. 

For Western blot analyses, brain extracts were fractionated in 
SDS/poIyacrylamide gels, transferred to nitrocellulose as de- 
scribed (21), and probed with a monoclonal anti-mouse Ro 
antibody. To prepare the antibody, oligonucleotides 5'- 
GGCGCGGGATCCGAAGGATCTGCAAACCAGTTGC-3' 
and 5'-GCCGCGGAGCTCTTAAATGACATCCAAT- 
GTGAAATTCCG-3' were used to amplify the mouse Ro 
protein-coding sequence. The DNA was digested with Bam HI 
and Sad and inserted into pTrcHisA (Invitrogen). Because the 
recombinant protein was insoluble, it was solubilized in 
guanidine-HO, purified from Escherichia colt lysates, and rena- 
tured as described (12). After rcnaturation, the protein was used 
to immunize Ro~'~ mice. Spleen cells were fused to Ag8.653 cells 
by using standard methods. Antiserum against human Uch-L5 
was a generous gift of R. Cohen (University of Iowa, Iowa City). 

Analysis of T and B Cell Function. Thymus, spleen, lymph nodes, and 
bone marrow were isolated from Ro~ l ~ and wild-type mice, 
stained with the appropriate antibodies [CD4, CD8, T cell 
receptor, CD69, CD44, CD25, CD45R, CD43, IgM, and IgD 
antibodies (Pharmingen)] and analyzed by using a FACSCalibur 
analysis instrument (Becton Dickinson). Adult Ro' 1 ', 
and wild-type mice were immunized s.c. with keyhole limpet 
hemocyanin (Calbiochem) that was emulsified in complete 
Freund's adjuvant. After 10 days, mice were killed and lymph 
node cells were assayed for proliferation by [ 3 H]thymidine 
incorporation (New England Nuclear) and cytokine production 
by ELISA (Pharmingen). Blood was collected at this lime, and 



anti-keyhole limpet hemocyanin antibodies were measured by 
ELISA (Southern Biotechnology Associates). Ig levels were 
measured by ELISA in unimmunized mice and in age-matched 
Ko* '~, Ro H ~ % and wild-type mice. 

Characterization of Autoantibodies. Mouse NIH 3T3 cells were 
fixed in 3% form aldehyde/ 120 mM sodium phosphate. pH 7.4, 
and subjected to immunofluorescence analysis. Sera were used 
at dilutions between 1:125 and 1:1,000. Antibodies against 
RNA-containing antigens were detected by performing immu- 
noprecipita lions from mouse L1210 cells as described (8, 22). 
RNAs contained within immunoprecipitates were labeled wiih 
[ 32 P]pCp and T4 RNA ligase (23) and fractionated in 5% 
polyacryIamide/8 M urea gels. Reference sera were anti-Sm and 
anti-ribosome mouse monoclonal antibodies (24) and human 
anti-P antibodies (a gift of K. Elkon, University of Washington, 
Seattle). Antibodies against bistones were detected by Western 
blotting extracts of mouse LI 210 cells as described (21) by using 
sera diluted to 1:500 and 1:1,000. Antibodies against double- 
stranded and single-stranded DNA (Euroimmun, Lubeck, 
Germany) and nucleosomes (Medizym, Med i pan Diagnostics, 
Selchow, Germany) were detected by ELISA using precoaled 
plates. For ELlSAs, the mean reactivity for 18 wild-type anti- 
nuclear antibody (ANA)-negative mice was determined. Values 
higher than three standard deviations above the mean were 
considered positive. 

To identify the ^30-kDa doublet recognized by many sera, 
L1210 celts were sonicated in 40 mM TrisHCI, pH 7.5/150 mM 
NaCl/2 mM MgCl 2 by using a Branson sonifier (twice for 20 
sec at setting 3). After sedimentation at 10,000 X g for 10 min, 
the 30-kDa doublet was found in the pellet. The pellet was 
subjected to sequential salt extraction using 300 and 600 mM 
NaCl. The doublet corresponded to two bands in the 600 mM 
NaCI supernatant, which were microsequenccd at the Yale 
Keck Facility. For the **15-kDa band, embryonic stem ceils 
were lysed in a Dounce homogenizer in 40 mM Tris-HCI, pH 
7.5/150 mM Nad/2 mM Mgd2/0.1% Nonidet P-40/10 mM 
DTT, and nuclei were sedimented at 10,000 X g for 10 min. 
After resus pension in the same buffer, nuclei were disrupted 
by sonication and the lysate was sedimented at 10,000 X g for 
10 min. After washing the pellet with 300 mM NaCl in the 
above buffer, the pellet was incubated in 0.2 M HCI for 30 min 
on ice to extract histones, followed by sedimentation at 
10,000 X g for 10 min. The supernatant was applied to a PD-10 
column (Amersham Biosciences) equilibrated in 50 mM so- 
dium phosphate, pH 8.5. The column eluate was applied to an 
SP Sepharose column equilibrated in the same buffer. His- 
tones were eluted with 1 M NaCl. 

UV Sensitivity. Mice (6-8 weeks old) were shaved on the back and 
irradiated 24 h later by using UVB lamps (FS20T12/UVB, 
National Biological, Twinsburg, OH; ref. 25). After 24 h, animals 
were killed and the exposed skin was excised, fixed, and exam- 
ined for sunburn cells as described (25). 

Results 

Generation of Mice Lacking the Ro 60-kDa Autoantigen. Ro-dcficicnt 
mice were generated through homologous recombination in 
embryonic stem cells. The targeting vector replaced the first 
coding exon of the Ro gene and parts of the adjacent inlrons with 
a neo gene cassette (Fig. 1 A and B). Targeted embryonic stem 
cells were injected into C57BL/6 blastocysts, and the resulting 
chimeric males were bred with C57BL/6 females to generate Fi 
hybrid (129/Sv X C57BL/6) heterozygotes. The V t hybrid mice 
were inbred to generate ¥ 2 and F 3 hybrid progeny. In addition, 
Ro' l ~ F3 hybrid progeny were backcrossed three generations to 
C57BL/6 mice and then inbred to generate F| progeny. Ro~ : ~ 
mice from both backgrounds were viable and fertile. Western 
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Fig. 1. Disruption of the Ro gene. (A) Diagram showing the Ro gene locus, 
the targeting construct and the recombtned mutant allele. The f« rst two exons 
are indicated by filled boxes, and the translation initiation site is indicated 
(arrow). (0) Southern analysis of Prfl-digested DNA from wild-type (lanes 1 and 
21 Ro*'- Danes 3 and 4). and Ro-*- (lanes 5 and 6) mice. (Q Western blots of 
brain extracts with a rabbit anti-Ro serum. The blot was reprobed to detect 
LkfvLS, which runs as a doublet (Middle), and actin (Bottom). (D) Northern 
blot analyses of brain RNA reveal that Y RNAs are reduced in Ro*'~ and Ro~'~ 
mutant mice. 



blotting of brain extracts confirmed that Ro protein levels were 
reduced in Ro + '~ mice and undetectable in Ro~^ mice (Fig. 1Q. 
Reprobing of the blot revealed that expression of the neighbor- 
ing Uch-L5 gene, whose transcription start site is 2.9 kb from the 
neo insertion, was unaffected (Fig. 1C). Northern analyses 
revealed that the levels of the two mouse Y RNAs, mYl and 
mY3 (26, 27), were reduced in Ro +J " mice and undetectable in 
Ro~ f ~ mice (Fig. ID), consistent with previous reports that Ro 
protein binding is required for stable accumulation of these 
RNAs (12, 13). 

Mice Lacking the Ro Protein Develop Membrano proliferative Glomer- 
ulonephritis. Although histologic examination of 6-week-old 
Ro~'~ mice revealecTno significant abnormalities, ~10%> of the 
original F2 and F3 hybrid Ro~*~ mice (8 of 74), but none of the 
wild-type mice (0 of 55), were dead within 6 months. By 12 
months, this mortality had increased to 28% (21 of 74) of the 
Ro H ~ mice, compared with 4% (2 of 55) of the wild-type mice. 
Mice showing signs of distress, such as fur ruffling and 
lethargy, were killed and subjected to histologic examination. 
All had evidence of membranoproliferative glomerulonephri- 
tis (Fig. 2). Examination of asymptomatic mice revealed that 
most (8 of 9) /to w ~ mice between 6 and 8 months of age showed 
changes characteristic of membranoproliferative glomerulo- 
nephritis. Inspection of other organs revealed no apparent 
differences compared with wild-type littennates. After three 
backcrosses to C57BL/6 mice, the Ro' l ~ mice no longer 
exhibited increased mortality compared with their wild-type 
counterparts. Nevertheless, examination of kidneys revealed 
that all Ro' f ~ mice >6 months of age exhibited histologic 
changes. The glomeruli were hyperccllular with leukocytes in 
the capillary lumens (Fig. 2J3). and immunofluorescence mi- 
croscopy demonstrated the presence of IgG in a granular 
pattern (data not shown). Electron microscopy confirmed I he 
presence of electron-dense deposits consistent with immune 




Fig. 2. Glomerulonephritis in Ro"'" mice. Light (A B, £, f, /, and J; x200) 
and electron (C, 0, 6, H, K, and U v 5,000) microscopy of kidneys from Ro' 1 ' 
mice and age-matched controls. Ro~'' and wild-type mice from the original 
hybrid strain tA-O) were examined at 16.5 months, and backcrossed mice 
were examined at 7 (E-H) and 12.5 (M.) months. Age-matched controls 
show essentially normal histology. The hybrid Ro~ f ~ mice show glomerular 
hypercellularity with large eosinophilic capillary deposits (fi, arrow), which 
correspond to su Endothelial immune complexes (D, arrow). Lesions in the 
backcrossed mice are less severe, with mesangial immune complexes at 7 
months <W, arrow) and larger subendotheliaf complexes at 12.5 months (L, 
arrow). 



Xue ef a/. 



PNAS I Jun* 24, 2003 | vol. 100 | no. 1 3 | 7505 



A 




B 


•» 


& 










c 


D 



Table 1. Autoantibodies in Ro~ f ~ t Ro+ f ~, and wild-type mice 
No. of mice with autoantibodies 



Age, months Ro''~ Ro*'- Wild type 

129/Sv \ C57BL/6 hybrid mice (ANA & 1:1 ,000) 
6-7 5/6(83%) NO ND 

12-14 18/22(82%) ND 1/17(6%) 

After three backcrosses to C57BL/6 (ANA & 1 :1 25) 
9 17/25(68%) 10/26(38%) 2/24(8%) 



ANA, anti-nuclear antibody; ND, not done. 



complexes (Fig. 2D). Deposits initially were seen predomi- 
nantly in the glomerular mesangium (Fig. 2H) but. with 
increasing age, became larger and extended into the suben- 
dothelial region (Fig. 2L). These lesions were not as severe in 
the backcrossed mice as they were in the original, mixed 
background Ro~ f ~ mice, suggesting the presence of modifier 
loci in the C57BL/6 background. Heterozygotes showed es- 
sentially normal histology by light microscopy, but those mice 
.that developed antibodies, (see below), demonstrated mild 
lesions characterized by the presence of small, electron-dense 
deposits by electron microscopy. 

Antt-Chromattn and AntMtibosome Antibodies in Ro~'~ Mice and 
Heterozygotes. To confirm the presence of autoantibodies, sera 
from the mice were analyzed by performing indirect immuno- 
fluorescence on NIH 3T3 cells. Autoantibodies (antinuctear 
and/or anticytoplasmic) with titers of at least 1:1,000 were 
detectable by 6 months of age in five of six (83%) Ro~'~ mice 
from the original hybrid strain (Table 1; also see Fig. 3 A-£>). 
After three backcrosses to C57/BL6 mice, antibodies remained 
detectable in the majority of Ro' 1 ' mice (68%; 17 of 25). 
Autoantibodies also were detected m 10 of 26 (38%) Ro^~ 
heterozygotes but only 2 of 24 (8%) wild-type mice (Table 1). 
Although these antibodies tended to be of lower titer, between 
1:125 and 1:500, high-titer antibodies (^1:1,000) were detected 
in 7 of 25 (28%) backcrossed Ro~ f - mice and 5 of 26 (19%) 
Ro +/ ~ heterozygotes but were not detected in wild-type mice. 
Western blotting of mouse whole-cell extracts revealed that 
many sera detected a prominent doublet of 30 kDa and a second 
band of ««16 kDa (Fig. 3£, lanes 3-6). Purification of these 
antigens, followed by protein microsequencing, revealed that 
they were histones HI and H2b. Consistent with a prominent 
anti-chromatin response, characterization of the sera by 
ELISA revealed that many sera contained antibodies against 
nucleosomes, single-stranded DNA, and double-stranded DNA 
(Table -2). 

To characterize further the targeted antigens, sera were used 
to immunoprecipitate from mouse whole-cell extracts, and the 
RNAs within the immunoprecipitates were labeled at the 3' 
end. This assay delects many RNA-containing lupus antigens, 
including Sm, Ro, La, tRNA/ synthetase complexes, and ribo- 
somes (22). Although none of the mice contained detectable 
anti-Sin, anti-Ro, anti-La, or anti-tRNA/ synthetase antibod- 
ies, a large fraction of the/to"' - mice contained anti-ribosome 
antibodies, because both 5S and 5.8S rRNAs were contained 
within the immunoprecipitates (Fig. 3F, lanes 13—15). In 
addition, one mouse had antibodies directed against the Ul 
small nuclear RNP (snRNP; Fig. 3F y lane 9, asterisk), a 
common lupus antigen (1). For the original hybrid strain, 
anti-ribosome antibodies were detected in 50% of Ro~ l ~ mice 
older than 6 months (Table 2). This was also a major specificity 
in sera from the backcrossed mice, as 43% of Ro~ f ~ mice 
possessed these antibodies (Tabic 2). The majority of sera 
positive for anti-ribosome antibodies detected a doublet 
migrating be low the his I one III band (Fig. 3£, lane 3. asterisk). 




1 "sT 3^3*1^8 7 




mouse sera 



S 9 S- 4 




5 6 7 8 9 1011 12 13 1415 

Fig. 3. Autoantibodies in Ro mutant mice. NIH 3T3 cells were stained with sera 
(diluted 1:1,000) from 6- to 7-montfVold Ro~ H mice (A-Q and a 12-month-old 
wild-type mouse (D). (f) Reference sera (janes 1 and 2) and sera from Ro~*~ mice 
were used to probe Western blots of L1210 ceil extracts. *, Doublet detected by 
most sera containing antiribosomal antibodies, if) Reference sera (lanes 2-4) 
and sera from 129/Sw >' C57BL/6 hybrid mice were used to immunoprecipitate 
from LI 210 cell extracts. RNAs in immunoprecipitates were labeled with f^PJpCp. 
* Band identified as Ul RNA by cDN A sequencing. 



Fractionation of cell extracts revealed that the doublet was 
found in the pellet after sedimentation at 100.000 X g for 1 h. 
consistent with a ribosomal protein (data not shown). None 
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Table Z Subdassification of autoantibodies in /?o w ~ and 
wild-type mice 



No. of mice with autoantibodies 





(129/Sv XC57BI/6) 


C57BL/6 backcross 




Wild type 


Ro-'~ 


Wild type 




Ro-'~ 


Antigen 


(n = 18) 


(n = 18) 


(n = 19) 


(n = 23) 


£n = 23) 


Histones 


0 


10 


0 


1 


9 


Ribosomes 


1 


9 


0 


3 


10 


Sm 


0 


0 


0 


0 


0 


U1 snRNP 


0 


1 


0 


0 


0 


Ro 


0 


0 


0 


0 


0 


La 


0 


0 


0 


0 


0 


dsDNA 


2 


9 


0 


3 


6 


ssONA 


2 


6 


1 


3 


5 


Nucleosomes 


2 


10 


1 


8 


6 



snRNP, smaD nuclear RNP; dsDNA. double-stranded DNA; ssONA, single- 
stranded DNA. 




J/m2 UVB J/m2 UVB 



Fig. A. Ro~'~ mice are more sensitive to UVB irradiation. (A) After six 
backcrosses to C57BL/6 mice, the backs of wild-type (n - 8) and Ro~'~ (n = 6) 
mice were shaved and exposed to the indicated doses of UVB. After 24 h, 
apoptotic ke rati oocytes (sunburn celk) were counted. (B) The backs of mice 
from the original hybrid 129/Sv X C57BL/6 strain were shaved and exposed 
to UVB, and apoptotic keratinocytes were counted. For the 1,000- J/m 2 dose, 
14 wild-type and 13 Ro~'~ mice were examined. 



of the anti-ribosome antibodies recognized the ribosomal P 
proteins, which arc common autoantigcns in lupus patients 
(Fig. 3£, lane 1; ref. 1). 

Evaluation of T and B Cell Populations and Function. T and B cell 
surface markers were evaluated in Ro~ { ~ and wild-type mice by 
flow cytometric analysis. No obvious changes were found in 
mature T cell markers (GD4/CD8 ratios) or in the most imma- 
ture (Tcell antigen receptor-negative CD25/CD44 populations) 
cells in the thymus. Likewise in the bone marrow, B cell 
development appeared normal (using CD43/CD45R and IgM 
markers). Lymph node and spleen populations did not reveal 
differences in T and B cell activation status (using CD69 and 
CD25 markers). To determine whether Ro~ H mice respond 
abnormally to challenge with protein antigens, animals were 
immunized with the T cell-dependent antigen keyhole limpet 
hemocyanin. No significant differences in T cell proliferation, 
cytokine production, or anti-keyhole limpet hemocyanin anti- 
body production were detected. However, total Ig levels in 
un immunized 8-week-old Ro~ f ~ mice were elevated slightly 

3. 4- fold). Among the Ig isotypes, increases were found in IgM 

1.5- fold in the to"'" mice) and IgG2a (3-fold in/&> +/ ~ mice and 
3- to 29-fold in Ro~ l ~ mice) (data not shown). 

Sensitivity of Ro w_ Mice to UV Irradiation. Because a prokaryotic 
orthologue of the Ro protein is important for survival of the 
eubacterium D. radiodurans after UV irradiation (12), we ex- 
amined the sensitivity of Ro' 1 " mice to UV light. The backs of 
wild-type and Ro~'~ mice were shaved and the dorsal skin was 
exposed to UVB light at the physiologically relevant doses of 500 
and 1,000 J/m 2 . Twenty-four hours later, histological sections 
were prepared. For mice that had been backcrosscd six times to 
C57BL/6 mice, the number of apoptotic keratinocytes (sunburn 
cells) in the Ro~'~ mice after 1,000 J/m 2 UVB light was twice 
that of wild- type littermates {P = 0.02; Fig. 4A). Examination of 
mice from the original (129/Sv X C57BL/6) hybrid strain 
revealed that both wild-type and Ro~ l ~ mice were less sensitive 
to irradiation than the backcrossed mice (Fig. 4B). However, 
although Ro~ l ~ mice from the original hybrid strain also had 
higher numbers of apoptotic keratinocytes than did wild- type 
controls (Fig. 45), the difference was not statistically significant 
{P = 0.08). Nonetheless, in at least one genetic background, the 
absence of the Ro protein results in significant photosensitivity, 
although modifier loci also may contribute. 

Discussion 

Alt bough small RNA-protein complexes are major autoantigcns 
in patients suffering from systemic lupus erythematosus, there 



have been few links between the RNP antigens and the disease 
pathology. We have shown that mice lacking the Ro 60-kDa 
autoantigen develop a lupus-like syndrome consisting of anti- 
ribosome and anti-chroma tin antibodies, glomerulonephritis 
with subendothelial immune deposits, and photosensitivity. 
Thus, the Ro autoantigen may not be simply a passive target in 
the In pus immune response but, instead, may be important for 
the prevention of autoimmune disease. 

Although a number of gene disruptions result in at least some 
degree of autoimmunity (28), our work is unique in several ways. 
First, we report that disruption of an RNA-binding protein can 
result in autoimmunity. Second, although photosensitivity oc- 
curs in a significant fraction of lupus patients, our backcrossed 
mice are unusual in displaying both autoimmune disease and 
sensitivity to sunlight Although the observed difference is only 
2-fold, similar changes in cell survival after U V are seen in cells 
from patients with the XP-E, XP-F, and XP-V forms of xero- 
derma pigmentosum, hereditary syndromes in which patients are 
predisposed to sunlight-induced skin cancers (29, 30). Last, our 
finding that mice lacking a major lupus autoantigen develop 
autoimmune disease raises the possibility that the anti-Ro 
antibodies seen in patients may not be an epiphenomcnon but, 
instead, may contribute to the development or perpetuation of 
the autoimmune response and/or the observed photosensitivity. 

How might the absence of an intracellular RNA-binding 
protein result in autoimmunity? Because the Ro protein binds 
misfolded, defective pre-5S rRNAs in X. laevis oocytes, it has 
been proposed to function in a quality-control pathway for 
ribosome biogenesis (6, 13, 15). Thus, one possibility is that the 
release of intracellular contents from Ro~ l ~ cells that occurs 
normally during cell turnover triggers the autoimmune response. 
In this model, the presence of a small fraction of ribosomes 
containing subtle structural alterations resulting from the pres- 
ence of misfolded 5S rRNAs causes a breach of tolerance by 
exposing normally cryptic determinants to the immune system. 
In support of this hypothesis, it often has been proposed that 
autoimmunity can be triggered by presentation of cryptic 
epitopes (31, 32). Such a mechanism would be reminiscent of the 
lupus-like syndromes that develop in mice lacking components 
of pathways involved in clearing extracellular debris, in that 
failure to remove cellular detritus triggers an autoimmune 
response (33-36). Alternatively, it remains possible that the 
absence of the Ro protein results in a subtle defect in immune 
system function that wc have not yet uncovered. 

In lupus patients, photosensitivity occurs in up to 90% of 
put ie i) Is with anti-Ro autoantibodies (2). Moreover, maternal 
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anti-Ro antibodies that cross the placenta are highly associated 
with photosensitive skin lesions in infants. Because the disap- 
pearance of the skin lesions coincides with the loss of maternal 
antibodies from the circulation, it has been assumed that the 
antibodies play a direct role in the pathogenic process (37, 38). 
Our result that the absence of the Ro protein in one genetic 
background is associated with photosensitivity suggests that the 
photosensitivity long observed in patients could be related to a 
loss of Ro protein function in keratinocytes. However, although 
there are many reports that antibodies can enter cells (39-44), 
it is unlikely that they access the cytosol in quantities sufficient 
to ablate function of abundant target molecules (45). Nonethe- 
less, inefficient entry of anti-Ro antibodies into a small fraction 
of patient keratinocytes potentially could enhance the sensitivity 
of these cells to sunlight, resulting in increased apoptotic cell 
death. 
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In summary, our genetic experiments have uncovered a 
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of the subcellular machinery. Moreover, our experiments 
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ICA69 nuU Nonobese Diabetic Mice Develop Diabetes, but Resist 
Disease Acceleration by Cyclophosphamide 1 

Shawn Winer, 2 * Igor Astsaturov, 2 * Roger Gaedigk, 2 * Denise Hammond-McKibben,* 
Marc Pilon,* Aihua Song,* Violetta Kubiak,* Wolfram Karges,* Enrico Arpaia,* 
Colin McKerlie^ Peter Zucker,* Bhagirath Singh,* and IL-Michael Dosch 3 * 

ICA69 (islet cell Ag 69 kBa) is a diabetes-associated antoantigen with high expression levels in 0 cells and brain. Its function is 
unknown, bnt knockout of its CaenoHiabditis elegaits homologue, rti>39 t compromised neurotransmission. We disrupted the 
murine gene, ka-l f in 129-strain mic e These animals aged normally, b ut speed-congenic ICA^""" nonobese diabetic (NOD) mice 
developed mid-life lethality, reminiscent of NODnspeciGc, late lethal seizures in glutamic acid decarboxylase 65-deflcient mice. In 
contrast to wild-type and heterozygous animals, ICA69"" U NOD congenks fail to generate, even after immunization, cross-reactive 
T cells that recognize the dominant Tep69 epitope in ICA69, and its environmental mimicry Ag, the ABBOS epitope in BSA. This 
antigenic mimicry is thus driven by the endogenous self Ag, and not initiated by the environmental mimic, Insulitis, spontaneous, 
and adoptively transferred diabetes develop normally in ICA69' I * |I, NOD congenlcs. Like glutamic acid decarboxylase 65, ICA69 
is not an obligate antoantigen in diabetes. Unexpectedly, ICA69 tt * u NOD mice were resistant to cyclophosphamide (C\>acccler- 
ated diabetes. Transplantation experiments with hemopoietic and islet tissue linked CY resistance to ICA69 deficiency in islets. 
CY-acceierated diabetes involves not only ablation of lymphoid cells, but ICA69-dependent drug toxicity in 0 cells that boosts 
autoreactivtty In the regenerating lymphoid system. The Journal of Immunology, 2002, 168: 475-482. 



Type I diabetes (T1D) 4 is the consequence of chronic pro- 
gressive autoimmunity that targets pancreatic islets of 
Langerhans, selectively eliminating insulin-producing /3 
cells. Causes that underlie the development of diabetic autoimmu- 
nity remain obscure. Products of some 20* predisposing genes 
interact with critical environmental accelerators and decelerators 
to generate the autoimmune phenotypc (1). 

Clinical insulin deficiency and its attendant metabolic abnor- 
malities are the end result of a drawn-out prediabetes phase, in 
which autoreactive T cell pools accumulate in the islet Prediabetes 
proceeds in a stepwise fashion (2, 3), from benign perimsulitis to 
islet invasion and progressively rising rates of 0 cell death, as 
signaled by the generation of autoantibodies (4, 5). Because of the 
difficulty of tissue access in humans, much of the current view of 
autoimmune diabetes derives from the excellent rodent models for 
the disease, BB rats and nonobese diabetic (NOD) mice (6, 7). 
However, many years of prediabetes are a reality of the human 
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disease, in which B and T cell autcrinmnrnity arise many years 
before and can persist for decades after onset of overt disease (see 
Refs. 8-10). 

A similar set of autoantigens is targeted by self-reactive T cells 
in human and murine diabetes, including insulin/pro insulin, glu- 
tamic acid decarboxylase 65 (GAD65), GAD67, 1CA69 (islet cell 
Ag 69 kDa), and IA-2/phogrin (1, 7). Of these, only insulin is 
(nearly) /3 cell specific, while others follow generally neuroendo- 
crine gene expression profiles. In NOD mice, immunotherapies 
with any one of these autoantigens can bait, and in some circum- 
stances accelerate development of overt diabetes, depending on the 
choice of epitopes and the timing of interventions early or later in 
prediabetes (11-17). 

While there may be a hierarchy among autoimmune targets, in 
particular early on (18), established prediabetes involves multiple 
T cell pools that home to the islet, targeting more self epitopes with 
increasing effectiveness (19-21). The progression of prediabetes is 
complex and passes through checkpoints that halt progression for 
some periods of time (2). A single dose of cyclophosphamide 
(CY), an alkylating cancer pro-drug (22), overcomes these check- 
points and allows rapid diabetes development in a process that is 
dominated by the local activation of myeloid APCs and their cy- 
tokine products (3). In this commonly used diabetes model, CY 
was suggested to remove regulatory hemopoietic cells (23, 24), in 
a host whose lymphoid cell lineages are relatively resistant to the 
drug and able to mount a dramatic recovery of lymphoid mass 
quickly after drug exposure (25). Data presented in this work sug- 
gest that the drug's role in diabetes development is more complex 
and critically depends on direct islet cell toxicity in a process that 
appears to require the function of ICA69. 

To explore (lie role of self Ag in prediabetes and its progression 
to oven disease, we disrupted the genomic locus of the autoanti- 
gen, ICA69 (14, 26. 27), and backcrossed the defect onio NOD, 
using a speed-congenic strategy (28). The conserved ICA69 gene, 
ica-I, maps to human chromosome 7p22 and a synlhenic location 
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on mouse chromosome 6A1, 2, neither location mapping near 
known diabetes risk loci (27, 29). The molecule has a neuroendo- 
crine expression pattern with peak levels in brain and 0 cell lines 
(30). Its function is unknown, but we foimd that Caenorhabditis 
elegaits deficient for the well-conserved ICA69 homologue, ric- 
19, develops a neurotransmission defect (31). 

The protein includes a single, dominant T cell epitope. Tep69 
(major T cell epitope in ICA69), targeted by autoreactive T cells in 
both human and NOD mouse T1D (26). There is well-established 
antigenic mimicry between this epitope and the ABBOS epitope 
in the commonly encountered, dietary Ag, BSA (14). Because 
ABBOS is a highly dominant BSA epitope in NOD mice, it 
appeared possible that 1CA69 autoimmunity might be triggered 
through mimicry with BSA/ABBOS (10, 14, 32), encountered 
through exposure to dietary cow milk protein, a risk factor for 
diabetes development (33-36). Observations in ICA69 nu,! NOD 
congenics now indicate that the routinely generated Tep697 
ABBOS mimicry T cell pools require and are driven by the 
endogenous self Ag, which also dictates the apparent dominance 
for ABBOS in BSA immune responses of wild-type NOD mice. 

The 129SvJ mice with ICA69 deficiency had no obvious phe- 
nolype and aged normally. However, speed-congenic ICA69™ 111 
NOD mice develop sudden lethality beginning in early middle age, 
reminiscent of GAD65 deficiency that produces mid-life lethal sei- 
zures only on the NOD background (37). ICA69 m,M NOD female 
congeuics develop diabetes at essentially wild-type NOD inci- 
dence. Like GAD65 (38), ICA69 emerges as a facultative, but not 
obligate element in diabetes progression. Surprisingly, and chal- 
lenging current views, lCA68 nai mice were highly resistant to CY- 
accelerated diabetes due to a previously unrecognized drug effect 
on islets, which appears to require the function of ICA69. 

Materials and Methods 

Animals 

NOD/U (H-2 g7 ) mice were bred in our rodent facility according to ap- 
proved facility guidelines and protocols. Experiments were performed in 
our conventional unit, which presently has an 83-86% diabetes incidence 
in 36-wk-old female mice. 

Adoptive transfer 

Spleen ceils from three to five recently diabetic NOD females were pooled, 
and 10 7 cells were transferred i.v. to 6- to 8-wk-old, irradiated NOD male 
(650 rad) or NOD-ratf (200 rad) recipients In all experiments, glucosuria 
(TesTape, Lilly, Toronto) was used for dairy diabetes screens. Diabetes 
was confirmed through blood glucose measurements on 2 consecutive days 
(13.8 mM/L, SureStep; Life Technologies, Bumaby, British Columbia, 
Canada). 

CY-acceierated diabetes 

To induce accelerated diabetes development, 8- to 10-wk-old wild-type, 
heterozygous or homozygous ICA69 knockout females received one i.p. 
injection of 250 mg/kg CV (Sigma. St. Louis, MO). In some experiments, 
14-wk-old animals were used, or a second injection was given 3 wk later. 

Pancreatic islet transplantation 

Islets were isolated from pancreata of 4- to 5-wk-old wild-type NODs by 
standard digestion and manual picking procedures (39). The grafts were 
placed under the kidney capsule of anesthetized, 8-wk-old ICA69 nttU NOD 
females. Sixteen days later, the recipients were treated with 250 mgflcg CY, 
and diabetes development was monilored for at least 4 wk. Sham-operated 
and nontransplanled wild-type NOD and VCAW*® mice provided controls. 

Generation oflCAW" mice 

The ICA69 locus occupies approximately 100 kb on mouse chromosome 6 
(21, 29). A murine 129SVJ genomic library ( gin oIT. Mak, Toronto, Can- 
ada* was screened with a full-length JCA69-<v cDNA probe (26). A 2.7-kb 
clone containing exon 2 was excised with Bgf\\ and subclonod into pre- 
script 11-SK upstream of a heqjcs simplex thymidine kinase expression 



cassette. Tlie aminoglycoside phospltotninsferase (nto) gene was excised 
from the pPNT vector and ligaied into a Sttil site at position 107 of exon 
2, thus disrupting ihe coding region of the Tep69 epitope in ICA69 (27). 

The tetracycline transacti valor OTA) coding region (40, 41) (gift of H. 
Bujard, Heidelberg, Germany) was moved in- frame into an .^gc] rest rid ion 
site at position 38 of exon 2 in 1CA69 (see below, Fig. 1 ). This was thought 
to allow future experiments, such as possible rescue of knockout pheno- 
types through doxycycline-regulatable expression of a te(07-lCA69 traas- 
gene (42). The function of the targeting vector, including the tTA knock-in, 
was coiifirmed in NIT-1 0 cells (43) with one allele replaced by the vector. 
Transient transfection of these cells with low copy numbers of a tet07- 
luciferase expression ptasmid (40) (gift of H. Bujard) resulted in excellent 
luciferase expression that was over 98% suppressed in the presence of 1 
ftM doxycyclute (Harnmond-McKibbeu et aL, manuscript in preparation): 

Targeting vector DNA was linearized with Not! and transfected into the 
Rl ES cell line, and multiple clones were selected in the presence of G418 
and gancyclovir (44). Double-resistant embryonic stem cell clones (19 of 
482 screened) were expanded for use in morula aggregations with fertilized 
NOD eggs (44), and chimeric male offspring were bred with NOD females. 
Transmission was analyzed by standard Southern blots (27). Offspring with 
germline transmission of the ICA69 TOn allele were back crossed to NOD in 
a speed-congenic strategy (28). One founder repeatedly generated offspring 
with germline transmission of the null allele, and one of these ICA69 +/ ~ 
heterozygous offspring was homozygous for NOD variants of D6 MitS2 
and D6 MU339 on chromoscane 6, suggesting a crossover event that re- 
placed a considerable stretch of 129SvJ strain chromosome 6 with NOD 
genomic DNA. This male was mated to wild-type NOD females (backcross 
generation 2\ Several offspring from backcross 5 were homozygous NOD 
for all 17 Idd loci, according to microsatellite markers (28). The 1CA69- 
dencient mice analyzed in the present study were derived from backcross 7. 

Subcellular fractionation of mouse brain 

Mouse brain tissue was fractionated as described (31). Briefly, brains were 
homogenized in ice-cold, supplemented HBSS buffer. Nuclei and cell de- 
bris were removed, and supernatant (SI) was centrifuged at 13,000 X £ for 
13 min. Supernatant was collected and spun at 1 00,000 x g for 30 min to 
yield S3 (the cytosol) and P3 (the microsomal pellet). The synaptosome 
fraction was washed with HBSS buffer and centrifuged at 13,000 X g for 
13 min. The pellet was h/sed, buffered (10 mM HBSS, pH 7.4), and cen- 
trifuged at 45,000 X £ for 20 min. The pellet (LP1) was resuspended in 
HKA buffer (10 mM HEPES-KOH, pH 7.4, 140 mM KoAC, 1 mM MgCI* 
0.1 mM EGTA. 0.3 mM PMSF), while the crude synaptic vesicles were 
pelleted by further centrifugation of the supernatant at 150,000 X g for 1 h, 
then resuspended in HKA buffer. All procedures were performed on ice. 

Western blots 

Rabbit anu-ICA69 (gift from M. Pictropaolo, Pittsburgh, PA) was used at a 
final dilution of 1/7500 (30> Bach subcellular fraction (40 /ig) was separated 
on SDS poryaaylamide gels and transferred to nitrocellulose. Peroxidase-oon- 
jugated goat anti-rabbit Ab (The Jackson Laboratory, Bangor, ME; 1/15,000) 
was used to detect bound primary Ab. Rabbit anli-VAMP-2 provided a marker 
of synaptic vesicles (gift from W. Trimble, The Hospital For Sick Children). 

Histology 

Tissues for histological sections were fixed in 10% neutral buffered For- 
malin and stained with H&E. The degree of insutitis was scored blindly by 
two observers, using the following scale: 0, normal islet; 1, periinsulitis; 2, 
invasive infiltration of 25%-50% of islet surface area; 3, invasive infiltra- 
tion of greater than 50% of islet surface area or a small retracted islet. 
Irnmunomstochemistry for insulin was performed on Formalin-fixed, par- 
affin-embedded tissue sections using guinea pig anti-insulin Ab and rabbit 
HRP-conjugated secondary Ab (Dako Diagnostics, Mississauga, Ontario, 
Canada). Reactions were visualized using diaminobenzidine peroxidase 
substrate, and sections were counterstained with hematoxylin. 

Proliferative T cell responses 

In vitro T cell proliferation was measured as described recently for immu- 
nized and nonimmunized NOD mice (16). Immunizations employed s.c. 
injection of a given Ag, 100 /ug emulsified in CFA. Regional lymph nodes 
were removed 9-10 days alter immunization, and 4 X 10* cells' well were 
cultured in serum-free AIM V medium (Life Technologies) to measure 
recall responses to 0.01-100 /*M Ag. After 60 h, cultures were pulsed 
overnight with 1 fxd ( 3 HJthymidine and subjected to scintillation counting. 
Spontaneous T cell proliferation in spleen cells from uiiiirununued naive or 
adoptively transfeired mice was similarly measured, except for the addition 
of 10 U human rlL-2 (45). Synthetic peptides were highly purified and 
confirmed by mass spectroscopy; Tcp69, API KATG KKiiDK, ABBOS, 
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FKA DEKKFWGKYLY E. Grade V BSA and OVA were purchased from 
Sigma Purified, mouse rICA69-/3 was prepared as described (26): rGAD65 
was purchased (Diamyd Diagnostics, Stockholm. Sweden). 

Statistics 

Numeric values were compared by Mann- Whitney or Welsh tests: signif- 
icance was set at 5%: and all tests were two tailed. Tables were used to 
compare diabetes incidence in different groups of animals (Fisher's exact 
test); odds ratios were calculated with Woolf s approximation. 

Results 

Generation oflCA6ST uU mice 

The targeting construct (Fig. \A) introduces a neomycin resistance 
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FIGURE 1. Development of ICA69 wd! mice. A, The ICA69 locus was 
gencticaily disrupted by insertion of tTA and neo genes into exon 2 of the 
ICA69 gene. The top diagram shows the targeting construct that targeted 
(lie ICA69 gene (bottom) and generated Uie knockout allele shown at the 
top of B. B, Southern blot of ATxiI-rcstiictcd genomic DNA from 129vJ x 
NOD mice backcross 2. The knockout allele generates a shortened 3.2-kb 
exon 2 fragment. C, Western blots of brain and salivary gland tissue ex- 
tracts (backcross 1 1 mice, left panel) and fractionated brain protein from 
wild- lype and homozygous ICA69 knockout mice (backcross 7) were 
probed with anti-lCA69 polyclonal Ab. A 2 3- kDa synaptic vesicle marker* 
VAMP2, is shown below. SI, postnuclear supernatant; P2, synaptosomes; 
S3, cytosol; P3, microsomes: LP1, plasma membrane; LP2, synaptic ves- 
icles. Z), Luciferase activity (relative light unils//ig protein) in different 
tissues from L7 (fet07-luciferase transgenic) mice carrying a single ICA69 
knockout/n A-knock-in allele from backcross 2 mice (open bars). Expres- 
sion patterns follow the tissue expression of ICA69. L7 mice without the 
tTA transgene express only background activities (filled bars, mile the log- 
arithmic scalej. 



cassette to disrupt the Tep69 epitope in exon 2 of ICA69, and 
inserts the tTA coding region in-frame after the leading 9 ICA69 
aa residues, followed by poly(A) and stop sites. Homologous re- 
combination of this vector in its genomic target locale introduces 
an additional Xba\ site that produces a 3.2-kb Xba\ restriction frag- 
ment, while the corresponding wild-type fragment is 3.6 kb in 
length (Fig. 1/4). Homologous recombination of the targeting con- 
struct was confirmed in genomic DNA of progeny from several 
chimeric founders, using a 5 '-end probe and Xbal restriction (Fig. 
15) and a neo probe and HindDl restriction (not shown). Several 
litters of this generation of 129SvJ x NOD offspring were moni- 
tored for up to 26 mo, including 17 \CA69 mai animals derived 
from brotlier- sister matings. No spontaneous deaths or obvious 
abnormalities were observed. 



ICA69 is expressed at low to very low levels in a variety of 
tissues, with its major expression locale in the brain, and highest 
levels found in f$ cell lines (30). Almost certainly reflecting post- 
translational modifications, Western blots resolve ICA69 as a dou- 
blet band of approximately 69 kDa, despite its calculated mass of 
55 kDa (30, 46). There was no detectable ICA69 in Western blots 
of brain and salivary gland extracts from backcross 7 (not shown) 
or backcross 1 1 mice (Fig. IC, left panefy but there were occa- 
sional ghost bands in brain subcellular fractions (right panel). 
These bands were not consistent, and could be detected only with 
one rabbit Ab raised against a C-terminal peptide (46) (Fig. 1Q, 
but not with another rabbit Ab raised against a large, truncated 
ICA69 fragment (not shown). We were unable to obtain sufficient 
material for mass spec urography and sequencing studies of these 
ghost bands. As described below, the distinct phenotypes of these 
mice, results of extensive RT-PCR, Southern blot, and genomic 
PGR studies of the disrupted gene locus, and in particular the si- 
lencing of the natural ICA69 promoter (see below) make a hypo- 
morphic phenotype with remnant gene expression of gene frag- 
ments from this locus unlikely. 

Heterozygous (ICA69 + '~) progeny from backcross 2 were 
mated with the L7 transgenic mouse that carries a tet07-luciferase 
transgene (40). Offspring carrying the L7 transgene as well as one 
ICA69 ^un /tTA" , ' allele demonstrated high luciferase activity in 
brain (note the logarithmic scale), low levels in stomach and testes, 
and borderline levels in pancreas, in which p cells contribute 0. 1% 
of total pancreas tissue (Fig. ID). The latter observation is con- 
sistent with the fact that ICA69 expression in exocrine pancreas is 
at best minuscule (47). In mice receiving doxycycline ad libitum in 
drinking water (0. 1 mg/ml), luciferase activity was suppressed to 
background levels (not shown). These observations provided an 
excellent readout of ICA69 promoter activity. 

However, similar experiments with mice from backcross 3 
showed a > 10- fold reduction in luciferase activity, and no activity 
at all could be detected in offspring from LI matings with 
knockout animals from backcross 5 and 7. While Southern blots 
and genomic PCR gave expected results, transcripts of tTA 
could be demonstrated by RT-PCR of brain RNA in backcross 
2-derivcd, but not in animals from these latter experiments, 
indicating loss of ICA69 promoter activity. Transcriptional si- 
lencing is not rare among neuronal genes (48), and has been 
described for GAD65 (49). 

Autoaiitigeii skews the specificity of autoreactive T ceils 

Autoreactive T cells in wild-type NOD mice (like patients with 
T1D) recognize the dominant ICA69 epitope Tep69 (10, 26). 
These T cells show antigenic mimicry with the ABBOS epitope in 
BSA, and T ceil hybridoma as well as alanine replacement studies 
indicated that these mimicry T cells represent the bulk of 1CA69- 
specific NOD repertoires (16). ICA69" ,m NOD congenics allowed 
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us to determine the role of endogenous self Ag in the development 
of these self-reactive T cell pools. Immunization with BSA had 
divergent consequences in heterozygous and homozygous ICA69 
knockout mice (Fig, 2A). Both lines of mice generated good and 
similar proliferative recall responses after a single BSA immuni- 
zation in complete adjuvant However, only heterozygous (+/-) 
animals generated the coordinate ABBOS and Tep69 mimicry re- 
sponses typical for wild-type NODs (14, 16). In homozygous 
ICA69 nu " NOD congenics, ABBOS was no longer a prominent 
epitope, despite the fact that it binds to NOD 1-A* 7 with high 
affinity (16). Only some low affinity ABBOS responses were ob- 
served at a very high peptide dose. No mimicry responses to Tep69 
were seen in BSA- immunized ICA69" 1111 animals. Thus, the en- 
dogenous self Ag is required for the recruitment of precursor T cell 
pools that recognize both Tep69 and ABBOS, and the presence of 
these T cell pools is responsible for the strong immunodominant 
(14) of the ABBOS epitope in BSA. 

Endogenous self Ag (and not dietary ABBOS) was also critical 
for the maintenance of these autoreactive mimicry T cell pools. 
Thus, when knockout mice were adoptively transferred with 
splcnocytes from diabetic wild-type NODs, Tep69/ABBOS-spe- 
cific T lymphocytes were specifically lost (Fig. 25, filled bars), 
while other islet-reactive T cells, such as GAD6S-specific pools, 
were maintained. Consistent with this critical role of the endoge- 
nous self Ag, Tep69/ABBOS-specific T cells were maintained in 
heterozygous ICA69 + '~ mice adoptively transferred with the same 
wild-type splenocyte grafts (Fig. 2fl, open bars). 

NOD mice develop diabetes 

Autoimmunity to ICA69 is a routine element of prediabetes and of 
diabetes in wild-type NOD mice and humans (10, 14, 16). Span- 
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FIGtlRK 2. In vitro proliferative recall responses. A, Homo- and het- 
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wild-type, diabetic spleen cells 14 days after transfer to irradiated 
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taneously diabetic knockout females were observed beginning by 
wk 20, —4 wk later than in wild-type or heterozygous animals 
(Fig. 3A). This difference was not quite significant (p ~ 0.058). 
The consecutive disease development in knockout mice paralleled 
that in heterozygous and wild-type NOD females {p > 0.3), There 
was a tendency for slightly less or slower development of invasive 
insulilis (Fig, 3>B). but this again failed to reach significance. Thus, 
ICA69 appears to be a facultative, but not obligate element in 
NOD diabetes development. 

This conclusion is somewhat tempered by the unexpected ob- 
servation of spontaneous lethality in middle-aged NOD female 
congenics at 4-5 mo of age (Fig. 3C). A subset of these animals 
died suddenly without prodromal symptoms. These animals had no 
significant histopathology, except for insulitis commensurate with 
prediabetes progression and a severed tongue m one animal. This 
phenotype is reminiscent of GAD65 deficiency, which leads to 
lethal mid-life seizures on the NOD background (37). Neurophar- 
macological studies have to date failed to unmask a consistent 
abnormality in the CNS electrophysiology of ICA69 nuU mice. In 
our assessment of the spontaneous diabetes incidence in ICA69 nu11 
mice, we removed the prematurely dead animals from calculation. 
The implicit assumption that these animals would have developed 
diabetes at the same rate as survivors is based on the presence of 
invasive insulitis. 

Adoptive transfer of diabetes 

Accelerated models of diabetes such as adoptive transfer of dia- 
betic spleen cells circumvent natural checkpoints in prediabetes 
progression (50). We asked whether the slight delay in spontane- 
ous diabetes development would be amplified or eliminated fol- 
lowing adoptive transfer of wild-type diabetic spleen cells into 
irradiated knockout recipients. The latter was observed: transferred 
animals developed disease at the same rate and incidence as het- 
erozygous litlermates or wild-type controls (Fig. 3D), unhindered 
by the fact Uiat the knockout mice lost ICA69-specifk T cells 
during disease development (see above, Fig. IB), and lacked this 
target autoantigen. 

Acceleration of diabetes with CY 

In striking contrast to wild-type and heterozygous animals, injec- 
tion of CY (250 mg/kg) failed to induce accelerated diabetes in 
ICA69" 1111 mice (Fig. 4). Heterozygous littermates began to de- 
velop overt disease by 1 0-1 1 days post-CY, reaching a high dis- 
ease incidence by 3 wk (p < 0.000 1 , odds ratio 27.4 vs knockout 
(Fig. 4A), p > 0.3 vs wild-type mice, not shown). ICA69 protein 
is not expressed in hemopoietic cells (30) (see Fig. ID for splcno- 
cytes). Consistently, there was no detectable effect of ICA69 de- 
ficiency in this tissue, with homozygous, heterozygous NOD as 
well as 129 mice showing the same acute drug-induced fall in 
spleen weight and cellularity. CY metabolism with generation of, 
and response to the major toxic intermediates (22) was tints similar 
in these animals {p > 0,3, data not shown). 

Curiously, there was only a slight, nonsignificant difference in 
insulitis severity of CY-treated homozygous and heterozygous an- 
imals (Fig. 4B, p - 0.2), suggesting that effector functions in the 
islet infiltrate of knockout mice lacked Hie competence to mediate 
p cell death. This incompetence was not due to a general delay of 
prediabetes, since lCA69 nu " NOD mice 14 wk of age. and thus 
close to the time of overt spontaneous diabetes development, were 
still protected from CY-induced disease (Fig. 4C"). These older 
animals ultimately did develop diabetes, beginning in wk 20 with 
the incidence rising at wild-type rates (see Fig. 3 A). The resistance 
to CY -accelerated diabetes in knockout mice was not absolute, 
since u second CY injection caused diabeles in nearly half of the 
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FIGURE 3. Diabetes development and 
survival onCA69 aMB NOD mice. .4, Sponta- 
neous diabetes development; «s a proportion 
of ICASy* mice died prematurely (see Q 
and wore removed from the calculation of 
disease incidence. B, Insulitis in untreated 
ICA69*"~ or ICA<59~'~ female oongenics 
(seven animals'group) at 10 wk of age. C, 
Mid-life lethality of 1(^69"^ NOD females 
without prodromal disease symptoms or di- 
agnostic histopathology. D, Wild-type diabe- 
tes development in irradiated ICA69 - ' - , 
ICA69 W ~, oar wild-type NOD mice adop- 
tively transferred with spleen cells from dia- 
betic wild-type donors. 
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homozygous mice (5 of 1 1), compared with 12 of 13 heterozygous 
animals (Fig. 4D, p - 0.02). 

CY-accelerated diabetes has been associated with the selective 
elimination of regulatoiy T cells and/or with the induction of a 
massive wave of T cell regeneration that would coexpand diabe- 
togenic pools (23, 24 t 51). We more closely examined the CY 
responses of knockout hemopoietic cells. NOD-scfc/ mice were 
pretxeated with CY 2 days before adoptive transfer of spleen cells 
from 12-wk-old nondiabetic wild-type mice; diabetes did not de- 
velop within the observation period (Fig. 4£, CY-*Tx). This con- 
firmed the critical role of acute, drug-induced toxicity in lymphoid 
cells. 

However, when NOD^cm/ mice were reconstituted with 10 7 
spleen cells from 8-wk-old homozygous knockout mice, from het- 
erozygous littermates, or wild-type NOD controls, 1 mo before CY 



treatment (Fig. 4E, Tx-^CY), these transplanted NOD^aV animals 
developed CY -accelerated diabetes at the same rates and incidence 
(p > 0.5). This observation demonstrated that hemopoietic cells 
were not involved in the CY resistance of knockout mice. Collec- 
tively, these two observations delineated two drug targets prereq- 
uisite for diabetes development, one in hemopoietic and one in 
nonhemopoietic tissue. 

Since the islet is one target tissue of CY toxicity (52), we asked 
whether the nonhemopoietic tissue required for disease accelera- 
tion by CY might be the islet itself. We therefore provided 
ICA69"" 11 mice with a source of wild-type islets in small, subrenal 
islet grafts. Sixteen days later, the engrafted mice were injected 
with CY as before (Fig. 5.4). The presence of wild-type islets re- 
versed the resistance to CY-accelerated diabetes in iCA69 nu11 
mice, and allowed diabetes development in engrafted knockout 
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FIGURE 4. ICA69'" NOD mice resist CY-ac- 
celerated diabetes. A, Diabetes incidence in CY- 
treated hetero- and homozygous knockout mice aged 
8 -10 wk. B, insulitis score in CY- treated, nondiabetic 
ICA69 +/ " (ji = 5) and ICA69"'" mice (n = 8) 35 
days after drug treatment The number of nonadjacent 
islets counted (n) is indicated at the bottom. See Ma- 
terials and Methods for scoring scale. About oxie-iialf 
of heterozygote islets and only slightly fewer ho- 
raozygote islets (p — 0.2) had severe, grade 2 and 3 
insulitis. C, Diabetes incidence in CY-trealed hetero- 
and homozygous knockout mice aged 14 wk. D, Dual 
injections of CY on day 0 and 20 in ICA69~'~ arid 
ICA69*' - animals. E % Diabetes development in 
NOD^c/rf mice reconstituted with 10 7 ICA69~'~, 
1CA69 W ~, or wild-type spleen cells 1 mo before 
(Tx-*CY) or 2 days after (CY~*Tx) CY treatment 
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FIGURE 5. Transplantation of wild-type islets reverses CY resistance 
in ICA69 aan mice. A, Incidence of CY-accelerated diabetes in sliam-oper- 
atcd, wild-type mice (O); sham- or nontransplanted ICA69~'~ NOD fe- 
males (□); or ICA69 M,n females with wild-type islet grafts (Tx) under the 
kidney capsule, transplanted 16 days before CY (•). U-E, Imrnunohisto- 
chemica! analysis of transplanted or pancreatic islets ( X 100, insulin stained 
in brown, counterstained with hematoxylin). B, Wild-type islet graft under 
the kidney capsule with massive inflammatory infiltrate (arrow) and absent 
insulin staining. C, Destroyed pancreatic islet of the same diabetic animal. 
D t Infiltration, but survival of insulin-producing cells in renal wild-type 
islet grafts (arrows) from a CY -treated, nondiabetic ICA69™ 41 mouse. £, 
Infiltration, but survival of insultn-pToductng cells (arrow) in a pancreatic 
islet from the same animaL 



animals (p > 0.3, knockout-operated vs sliam-orjerated wild-type 
NOD; p = 0.016, islet-engrafted vs sham-operated or nontrans- 
planted ICA69 nul! mice). Tliese observations confirm and extend 
previous, indirect evidence for a duality of CY effects that accel- 
erate diabetes development (53). 

Histological examination of transplanted, CY-induced diabetic 
lCA69 nuil mice showed massive infiltration and complete disap- 
pearance of insulin-producing cells in the subrenal, wild-type islet 
grafts (Fig. SB). Endogenous (pancreatic) islets in these knockout 
mice were similarly infiltrated and depleted of insulin-producing 0 
cells (Fig. 5Q- Destruction of wild-type islet gratis was a prereq- 
uisite for the destruction of endogenous (knockout) islets in the 
pancreas: those lCA69 nuli mice that escaped CY-accelerated dia- 
betes showed less infiltration and intact insulin-producing cells in 
the wild-type islet grafts (Fig. 5D). The endogenous islets in these 
mice were heavily infiltrated, but retained a prominent compart- 
ment of insulin-producing ft cells (Fig. 5£), suggesting thai this 
infiltrate was incompetent to mediate 0 cell destruction. 

These observations suggest that the resistance of ICA69 nuI1 mice 
to CY-acceleraled diabetes reflects a relative resistance to CY tox- 
icity in /3 cells, which require ICA69 for an apoptotic drug re- 
sponse (52). Consistently, CY resistance can be bypassed if a 
source of drug-sensitive islets is present somewhere in the body, 
suggesting a systemic etfect tliai boosts T cell pools with patho- 



genic potential during the rapid recovery and expansion of lym- 
phoid cells after CY treatment 

Discussion 

Deficiency of ICA69 generated several distinct phenotjpes in 
NOD mice. It answered several core questious about tlie role of 
endogenous self Ag in disease-associated antigenic mimicry and 
the ability of the diabetic autoimmune process to shape disease- 
relevant T cell pools. The unexpected resistance to CY-accelerated 
diabetes allowed a reevahiation of its mechanistic basis in vivo. 
There is previous evidence for acute, CY -media ted islet toxicity 
that peaks within a day of drug injection and removes a substantia! 
proportion of p cells (52). We have only begun mechanistic studies 
of how ICA69 migiht be involved in this process. 

The function of 1CA69 remains unclear. The neurotransmission 
defect generated by knockout of its neuron-specific C. elegam 
homologue, ric-19(3 1), requires further study, as does the mid-life 
lethality of ICA69 miu NOD mice. Current experiments suggest that 
possible abnormalities in neurotransmission of ICAe 0 ™* 11 mice will 
be subtle. However, we recently observed that NOD mice under- 
going the spontaneous NOD autohrmiune encephalitis develop sei- 
zures with considerable incidence (45), and Kash et al. (37) pro- 
vided evidence for a rather strong modifier gene that predisposes 
NOD to seizures. Neurological similarities m GAD65 and ICA69 
knockout mice may place ICA69 into the GABAergic pathway of 
neurotransmission, consistent with its pre- and postsynaptic local- 
ization (e.g., see Fig. 1C). 

We were fortunate to identify a crossover event early in the 
backcrossing process, which replaced about two-thirds of the 129- 
derived chromosome 6 with NOD DNA. Nevertheless, a substan- 
tial stretch of 129-derived chromosome 6 remains. We had planned 
rescue experiments with a tet07 -con trolled ICA69 transgene, 
driven by the knock-in tTA transactivator. The silencing of the 
ICA69 promoter and consequent lack of tTA expression precluded 
this experiment, meant to rule out specific contributions of 129 
genes to the knockout phenotype. However, comparing the CY 
toxicity in 129 and NOD mice foiled to delineate differences in 
acute drug toxicity in spleen as well as testes, a tissue targeted by 
the drug (54). Although theoretically possible, it is therefore un- 
likely that the observed CY resistance of knockout mice reflects an 
unidentified 129 gene near the ica-l locus. Nevertheless, whether 
CY resistance maps to ICA69 (likely) or a 129 gene (unlikely) is 
immaterial for the major conclusion of these experiments, i.e., that 
CY-accelerated diabetes involves direct drug toxicity to the islet 

Several and similar T cell autorcactivities appear to participate 
in murine and human diabetogenesis (7, 10). Immunotherapy of 
NOD prediabetes with single autoantigens such as GAD65, 
GAD67, insulin. ICA69, IA-2, and others can each dramatically 
modify the disease course, provided that they are applied early in 
life, generally before the islet is breached (7). The exact mecha- 
nisms of effective immunotherapy arc still elusive (for a discus- 
sion, see Ref. 16), but these consistent observations assign impor- 
tant potential, but not necessarily obligate roles to each target Ag. 
Removal of one player through gene targeting, e.g., ICA69 or 
GAD65 (37, 38), is the most accurate way to measure the role of 
an individual autoantigen, and the data available support a model 
of many facultative, but not obligate autoantigens in the progres- 
sion to diabetes. 

An unresolved question in autoimmunity is whether autoanti- 
gens drive autoimmunity, or whether they are more passive ele- 
ments, perhaps victims of mimicry with exogenous proteins (55, 
56). At least in the case of 1CA69, the former appears to be correct. 
There is well-established mimicry between the major T cell 
epitopes in ICA69 (Tep69) and the commonly encountered BSA 
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(ABBOS) (10, 14 ; 16, 26, 32). T cell responses of wild-type NOD 
mice to BSA arc extremely biased toward ABBOS reactivity. The 
same cells recognize Tep69 in NOD mice (16). and the same ap- 
pears to apply to diabetes-prone humans (10). We expected that 
this polarization solely reflected properties of MHC alleles, with a 
very high ABBOS-binding affinity for diabetes risk-associated hu- 
man and NOD MHC class 11 ( 16). This turned out to be incorrect: 
ICA69 nuU mice have entirely different BSA responses, in which 
ABBOS is at best a minor epitope, recognized by low affinity T 
cells that do not show mimicry with Tep69. Demonstrating anti- 
genic mimicry, therefore, does not per se imply a primary mech- 
anism for loss of tolerance. However, wild-type NOD mice reared 
on a diet free of BSA also fail to generate mimicry T cell pools 
(57). The functional outcome of mimicry is thus affected by both 
endogenous and exogenous Ag. 

The resistance of ICA69" u11 mice to CY-induced diabetes was 
unexpected and has since been reproduced in backcross 1 1 mice 
with 1CA69 deficiency. This resistance did not reflect a generalized 
resistance to /3 cell death or autoimmune attack, since iCA69 nuU 
mice develop diabetes spontaneously with wild-type incidence, 
and since alloxan treatment eliminates /3 cells just as in wild-type 
mice (unpublished observation). These observations, and the nor- 
mal, accelerated diabetes development in NOD-sert/ mice recon- 
stituted with spleen cells from either heterozygous or homozygous 
knockout donors suggested: 1) that CY-induced diabetes had to 
require effects in a second target tissue, and 2) that the resistance 
to diabetes acceleration m ICA69 nuU animals could not be attrib- 
uted solely to the hemopoietic cell compartment Islet transplant 
experiments strongly suggest that the second drug target is islet ^ 
cells themselves. 

If this is substantially correct, then the islet toxicity of CY is 
dependent on the presence of ICA69. We propose that direct islet 
toxicity provides a boost to pathogenic T cell pools, providing islet 
Ags during the rapid, post-CY regeneration. Injury to p cells has 
also been implicated as a requirement for virus-accelerated diabe- 
tes (58, 59). The earliest, CY-induced change previously reported 
is the rapid accumulation of monokines IL-12, TNF-a, and I L- 18 
in the pancreas ~2 days after drug treatment (3), 1 day after the 
peak of drug-induced 0 cell death (52). While it may ultimately not 
be trivial to separate cause and effect, the most obvious scenario 
would be that CY-induced /3 cell death attracts and activates pro- 
fessional APCs, which then engender pathogenic competence in 
preexisting T cell pools with islet autoreactivity. Our data demon- 
strate that without this event, T cells still home to the islet, but are 
incompetent to mediate f$ cell death. 

Overall, this process would then be analogous to the induction 
of NOD autoimmune thyroiditis following induction of thyroid 
cell death by high dose iodide treatment (60). It would differ from 
the effects of drugs such as streptozotocin, which kill f$ cells and 
cause diabetes in any strain, while CY-accelerated diabetes re- 
quires the NOD host with established autoimmune T cell reper- 
toires. Consistently, the provision of wild- type islet grafts under 
the kidney capsule was sufficient to reverse CY resistance in 
knockout mice, with rapid elimination of endogenous 0 cells in the 
pancreas and consequent diabetes. This outcome confirms that is- 
lets drive pathogenic, diabetic autoimmunity, as has been sug- 
gested for natural disease development (61). 

The exact function of 1CA69 remains unclear, but knockout 
mice will provide excellent tools for further study. Collectively, 
ICA69 knockout mice generated new insights into the role of a 
typical autoantigen targeted in autoimmune diabetes. The obser- 
vations make it unlikely that the exogenous ICA69 mimicry Ag, 
BSA, has a primary triggering role in the loss of tolerance to 
ICA69. Instead, the highly biased T cell repertoire of NOD mice 



immunized with BSA now emerges as a function of autoreactive 
mimicry T cells driven by the endogenous self Ag. The combina- 
tion of several autoantigen knockout mice should eventually allow 
a more complete dissection of diabetic autoimmunity. The long, 
drawn-out character of prediabetes remains a puzzle. The CY re- 
sistance in ICA69 nu " mice sheds new light on this process, with a 
critical role for drug-induced |3 cell death, probably coupled to 
autoimmunity through the activation of local APCs. The heavy 
islet infiltration in CY-treated ICA69""" mice vividly illustrates 
that the endowment of pathogenicity in infiltrating T cells is a 
critical progression event, which normally does not occur until 
very late in prediabetes. These observations favor the view that 
prediabetes progression is not a linear process of gradual 0 cell 
destruction (62), but rather a process that culminates late with mas- 
sive |3 cell destruction near disease onset (63). If correct and ap- 
plicable to the human disease, immunotherapy of prediabetes may 
be effective even late in prediabetes if it avoids precipitation of 
diabetes in an immune system precariously balanced between 
pathogenicity and nonpathogenicity. 
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Targeted Disruption of the Protein Tyrosine 
Phosphatase-Iike Molecule IA-2 Results in Alterations 
in Glucose Tolerance Tests and Insulin Secretion 

Keiichi Saeki, 1 Min Zhu, 2 Atsutaka Kubosaki, 1 Jingping Xie, A Michael S. Lan, 2 and 
Abner Louis NotMns 1 



IA-2 is a major autoantigen in type 1 diabetes. Autoan- 
tibodies to IA-2 appear years before tiie development of 
clinical disease and are being widely used as predictive 
markers to identify individuals at risk for developing 
type 1 diabetes. IA-2 is an enzymatically inactive mem- 
ber of the transmembrane protein tyrosine phosphatase 
family and is an integral component of secretory gran- 
ules in neuroendocrine cells. To study its function, we 
generated IA-2 -deficient mice* Northern and Western 
blot analysis show ed that neither IA-2 mRNA nor pro- 
tein was expressed J Physical examination of the IA-2~'~ 
animals and histological examination o f tissues failed to 
reveal any abnormaUties| Nonfasting~blood glucose lev- 
els, measured over G months, were slightly elevated in 
male IA-2 _/ ~ as compared to IA-2 +/+ litter mates, but 
remained within the nondiabetic range. Glucose toler- 
ance tests, however, revealed statistically significant 
elevation of glucose in both male and female IA-2~ / ~ mice 
and depressed insulin release. In vitro glucose stimula- 
tion of isolated islets showed that male and female mice 
carrying the disrupted gene released 48% <JP < 0.001) 
and 42% CP < 0.01) less insulin, respectively, than mice 
carrying the wild-type gene. We concluded that IA-2 
is involved in glucose-stimulated insulin secretion. 
Diabetes 5 1 : 1842-1850, 2002 



IA-2 is a major autoantigen in type 1 diabetes (1,2). At 
the time of diagnosis, —70% of newly diagnosed 
patients have autoantibodies to IA-2. Because these 
autoantibodies appear months and years before the 
onset of clinical symptoms, they have become useful 
markers for identifying individuals who are at high risk for 
developing type 1 diabetes (3-7). Individuals with no 
clinical symptoms, but who have autoantibodies to IA-2 
and GAD, have an -50% risk of developing type 1 diabetes 
within 5 years and an even higher risk within 7-10 years. 
For these reasons, the measurement of autoantibodies to 
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recombinant IA-2 and GAD is being widely used to predict 
risk for type 1 diabetes (8,9). 

IA-2 is a 979-amino acid transmembrane protein. It has 
an extracellular, transmembrane, and intracellular domain 
consisting of 576, 24, and 379 amino acids, respectively (1). 
Autoantibodies to IA-2 are directed exclusively to the 
intracellular domain, primarily to the COOH-terminus and, 
to a somewhat lesser extent, to the juxtamembrane region 
(10-12). The gene encoding IA-2 is located on human 
chromosome 2q35. The coding region extends over —20 kb 
and consists of 23 exons (13). Exons 1-12 encode the 
extracellular domain; exon 13, the transmembrane do- 
main; and exons 14 through 23, the intracellular domain. A 
region extending — 20Q bp 5 '-upstream from the transla- 
tion start site and a region encompassing exon 1 and 
intron 1 have been shown to have strong promoter activity 
(R. Alam and A.L.N., unpublished data; 13). 

The function of IA-2 is not known. Based on sequence 
analysis, IA-2 belongs to a subgroup of the transmembrane 
protein tyrosine phosphatase (FTP) family. Homologs 
have been found in cows, rats, mice, macaca, zebrafish, 
Drosoph/ilia, and Caenorhabditis elegants and show 99, 98, 
97, 73, 82, 58, and 46% identity, respectively, to human IA-2 
(14). IA-2 differs from other PTPs in that it is enzymatically 
inactive because of substitution of amino acids (Ala 
911->Asp and Asp 877— > Ala) at conserved sites known to 
be critical for enzymatic activity (15). Electron micro- 
scopic studies and inununohistocltemical studies have 
localized the IA-2 protein (also known as ICA512) to the 
secretory vesicles of neuroendocrine cells (16). 

The present study was initiated to determine the func- 
tion of IA-2 by targeted disruption of the mouse IA-2 gene. 
Mouse IA-2 is very similar to human IA-2. It is 981 amino 
acids in length, consists of 23 exons, and is located on 
mouse chromosome 1 (17). A targeting construct, in which 
the 5 '-upstream promoter region, exons 1-3 and introns 1, 
2, and most of 3, were replaced with a neomycin cassette, 
was used to transfect embryonic stem (ES) cells by 
homologous recombination. ES cells in which the IA-2 
construct had become integrated were injected into blas- 
tocysts, and the resulting chimeric animals and their 
offspring were bred and tested for evidence of homologous 
recombination and germ-line transmission. Here we de- 
scribe the successful targeted disruption of the IA-2 gene 
in mice and provide a description of the resulting pheno- 
type. 
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RESEARCH DESIGN AND METHODS 

Generation of I A-2- deficient mice. A 129SvJ mouse genomic library 
(Stratagene, Cedar Creek, TX) was screened with a mouse 1A-2 cDNA probe. 
A 17-kb fragment, of mouse IA-2 containing the coding sequence of exons 1-13 
was used to construct a targeting vector. A 3.5-kb Sali-EcoJtl fragment 
upstream of the first exon was subdoned into pBluescript SK+ CStratagene), 
From this plasm id, U»e 5 '-segment was sulx-loned as a 3.5-kb KpnhBandVL 
fragment into pPNT vector (18), resulting in pPKT-5'IA-2. Subsequently, a 
3.34* A7wI-A7m>I fragment containing exons 4-6 was subcloned into pPNT- 
51 A-2 vector, resulting in pPNT-LA-2. Horaobgous recombination resulted in 
the replacement of I A-2 exons 1-3 and introns I, 2, and most of 3 with the 
neo-resistantgene cassette from die pPNT-IA-2 vector into the EcoTU-Xkol site 
of the targeted locus. Hie targeting plasmid was linearized using the unique 
Noil site before electropo ration. The HSV-tk cassette was used for negative 
selection. 

Jl ES cells (19) were transfected with the linearized targeting vector (50 
KLg/1 .5 X 10 7 cells) using a BioRad Gene Pufeer and grown under double- 
selection conditions (350 jig/ml G418, 2 umoW ganciclovir). AfLer 7-10 days, 
G4l8-ganc»ck>vir-resistant ES cell clones were picked and expanded (20). 

Genomic DNA from individual BS cell clones was extracted and analyzed 
by Southern blot hybridization. A 1.1-kb XJiol-HindSUl fragment (outside 
probe) containing exons 7 and 8 just downstream of Ute Xttol-XJuA segment 
was used for screening. Homologous recombinant clones selected by the 
outside probe were also analysed with a 1.9-kb neo cassette probe to check for 
multiple integrations. Five ES cell clones were injected onto C57BL/6 mice 
blastocysts to generate chimeras. Overt chimeras were backcrossed with 
C57BL/6 mice to produce germline transmission of the targeted allele. Tail 
DNA of agouti offspring and subsequent pups was screened for the presence 
of the mutantlA-2 allele by Southern blot analysis and PCR All protocols were 
approved by our institutional animal care and use committees. 
Gen o typing. Tail DNA -PCR using four primers was designed to discriminate 
between wild-type (1A-2 W+ ), heterozygous (IA-2 +/- )» a"d homozygous (IA- 
2 V ~) mice. The wild-type allele was detected as a 1.3-kb product using an exon 
3 sense primer (5 ' -TACAAGGTGTGCTCCGGC AACTCATGT-3' ) and an exon A 
antisense primer (5' -GGTCCATCTOCTGGGAG ATCAC ATGCT-y ). The recom- 
binant allele was detected as a 3.5-kb product using the PGK-I primer 
(5' -GGTGCTtmX ATCTGC ACG AGACTAGT-3*) in the promoter of the neo 
cassette and an exon 7 antisense primer (5 ' ^ AGCAGTTCAATCTCTGC A 
GACTCAATT-3'). PCR was performed with theTaqPlus Precision PCR System 
(Stratagene) at 35 cycles of 94°C for 0.5 min, 60°C for 1 rain, and 72°C for 3 
rain in a Gene Amp PCR System 9700 (Applied Biosystems, Forest City, CA). 
Each PCR product was separated on 1% agarose gels containing ethidium 
bromide and visualized under ultraviolet light. 

RNA analysis. Total RNA from brain (10-week-old male IA-2 w * f lA~2 +/ ~, and 
lA-2^" mice) was isolated using TEIZOL reagent (life Technology, Rockville, 
MD). For Northern blot analysis, 20 fig of each sample were separated on a 196 
(wt/vol) agarose/2.2 mol/l formaldehyde gel and transferred to a Hybond-XL 
membrane (Amersham Pharmacia Biotech, Piscataway, NJ). Tlte blot was 
subsequently hybridized with ^-radiolabeled mouse IA-2 cDNA intracellular 
and extracellular probes and an IA-28 cDNA 3' noncoding region probe. 
Western blot analysis. Brain samples from lA-2 +/_r or IA-ST" - mice were 
homogenized with PBS. After centrifugation at 10,000p for 5 m in, celt debris 
was sonicated in lysis buffer (60 mmol/1 Tris-HCl [pH 7.4), 150 mmol/l NaCl, 1 
mmoi/1 EOT A, 196 sodium deoxycholate, 1% NP-40, 0.4% SDS, and 1 mmol/l 
phenylmethylsulfonyl fluoride). Equivalent amounts of protein dissolved in 
SDS-PAGE sample buffer were subjected to SDS-PAGE on an 8% polyacryl- 
amide gel Separated proteins were transferred onto polyvinylidine difluoride 
membranes by electrotransfen Blots were processed as recommended by the 
manufacturer (enhanced chem (luminescence detection; Amersham Pliarma- 
cia Biotech). Rabbit anti-IA-2 serum made from the intracellular domain of 
recombinant mouse 1A-2 and absorbed with brain lysafce from 1A-2 W " mice was 
used as the primary antibody (1:2,000 dilution) followed by anti-rabbit Ig 
antibody conjugated to horseradish peroxidase (Amersham Pharmacia 
Biotech). 

Histological and immunohistochemical analysis. All the major organs and 
tissues were collected in 10% neutral-buffer formalin or 4% paraformaldehyde 
and processed for paraffin embedding. Sections were stained with hematox- 
ylin and eosin. Pancreatic sections were Incubated with antibodies to insulin, 
glucagon, or somatostatin (DAKO, Carpinteria, CA) followed by biotin- 
conjugated second antibody and strcptavidin-liorseradish peroxidase. 
Intraperitoneal glucose tolerance test, and insulin release. Mice aged 
10-23 weeks were fasted for 16 h, fr flowed by glucose injection (2 g/kg body 
wt. i.p ). Venous blood was drawn from the tail vein at 0, 15, 30, fXJ, and 120 mat 
after die injection. Blood glucose was measured using a portable ghicomcier 
(Bayer, Elkhart, IN). For acute insulin release, glucose (3 fi/ltfj b<xly wt) was 
injected intiai>eriloheally into male and female mice aged 10-23 weeks. 



Venous blood was collected at 0, 3, 9, and 15 min in heparinized tubes. After 
centrifugauort, plasma was stored tn -20°C. Insulin levels were measured 
with an enzyme-linked immunosorbent assay (EliSA) kit using a mouse 
insulin standard (ALPCO, Windham, Nil). 

Isolation of pancreatic islets. LA- 2^" or IA-2 W+ mice were anesthetized 
with ketamine and xylazine. Pancreases were perfused with 3 ml of collage- 
nasc IV (2 mg/ml in Hank's solution; life Technologies) and further digested 
in a water bath at 37°C for 25 min. The digested pancreases were washed with 
Hank's solution three times and passed through mesh to remove undigested 
tissues. The islet preparation was furtlier subjected to percoU density gradient 
separation (density 1.089-1.062) and handpicked under a stereomicroscope 

(21) . Tlie purity of islets reached >95% and was verified by dithizone staining 

(22) . The purified islets were cultured overnight in RPMM640 medium 
supplemented with 5.5 mmol/l glucose, 100 units/ml tenzypenkillin, 100 u£/ml 
streptomycin, and 1054 fetal bovine serum before insulin secretion tests. 
Glocose-stlraulated InsuDn secretion of pancreatic islets. Insulin secre- 
tion was measured by placing 10 islets in each of five wells (New Transwell 
Clear, Costar Scientific Cambridge, MA). Experiments were repeated at least 
three times. The islets were pre incubated in 1 ml oxygenated Krebs- Ringer 
bicarbonate buffer (KRBB) containing 143.5 mmol/l Na"\ 5.8 mmol/l K*, 2.5 
mrooW Ca 2 \ 25 mmol/l HCO3, 0.3% BSA (Fraction V; ICN, Lisle, IL), and 3.3 
mmoM ghicose at 3TC for 30 min. After preincubation, the Islets were 
incubated in 1.0 ml of KRBB supplemented with 3.3 mmol/l glucose for 1 h. 
Subsequently, the islets were transferred to media containing 27.7 mmol/l 
glucose and incubated for 1 h. Aliquots were removed and stored at -20°C for 
quantitation of insulin by ELISA 

Statistical analysis. Statistical analysis was performed using the Student's t 
test for unpaired comparisons. Data are presented as means + SE. P < 0.05 
was considered significant 



RESULTS 

ES cells were transfected with the IA-2 targeting vector 
pPNT-IA-2 (Fig. 1). By homologous recombination of the 
targeting vector with the IA-2 wild-type locus, the 5'- 
upstream promoter region, exons 1-3 and introns 1, 2, and 
most 3 of the wild-type IA-2 locus were replaced with a 
neomycin cassette Successful homologous recombination 
in ES cells was detected by Southern blot analysis of 
neomycin-resistant colonies with a 1.1-kb XhcX-HindSU 
fragment (outside probe) and a 1.9-kb neo probe (data not 
shown). Three IA-2* 7 " ES cells clones were injected into 
blastocysts to make chimeric mice that transmitted the 
modified IA-2 allele to their offspring. Wild-type (IA-2* /+ ), 
heterozygous (IA-2 +/ ") ( and homozygous (LA-2T") mice 
were identified by tail DNA PCR with appropriate primers. 
As seen in Fig. 2A, wild-type IA-2 +/+ mice were identified 
by a 1.3-kb PCR product; homozygous IA-2" 7 " mice, by a 
3,5-kb PCR product; and heterozygous IA-2 +/ ~ mice, by 
both 1.3- and 3.5-kb PCR products. The identification of 
these mice was confirmed by Southern blot analysis. As 
seen in Fig. 2B t tail DNA digested with Kpnl and hybrid- 
ized with the 1.1-kb Xlwl-Hirv6SH outside probe produced 
a 6.9-kb band with IA-2 +/+ DNA, a 10.7-kb band with 
IA-2 V - DNA, and both a 6.9- and 10.7-kb band with IA-2 +/ ~ 
DNA. 

Further evidence that Uie homologous recombination 
was successful and disrupted the IA-2 gene was obtained 
from Northern blot analysis. As seen in Hg, 2C T , hybridiza- 
tion of total brain RNA with a probe corresponding to the 
extracellular domain of IA-2 (nt 485-1,708) resulted in a 
strong 3.8-kb band with IA-2 RNA, a marked reduction 
in the band with lA-2 +/_ RNA, and no band with IA-2^~ 
RNA. A probe corresponding to the intracellular domain of 
IA-2 (nt 1992-3036) yielded similar results (Fig. 2D). In 
contrast, a probe generated from the 3' noncoding region 
(nt 3,040-3,193) of the closely related protein IA-20 
(23,24) showed that IA-2f* itiRNA was not affected by the 
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FIG. 1. Targeted disruption of the IA-2 gene. Vertical bars represent exons El through Eld. Restriction enzyme sites shown are Kpnl (K), J/indlll 
(H), EcoRl (E), Xfeol (X), andikunHI (B)..A: Targeting construct shows that a portion of the 5'-upstream promoter, exons 1, 2, and 3 and introns 
1, 2, and most of 3, are replaced by the neomycin cassette. B: Wild-type locus. Dashed lines with large "X" show areas where homologous 
recombination takes place. C: Targeted locus shows integration of targeting construct, containing the neomycin cassette, into the wild-type locus. 
J>: Size of restriction fragments when wild-type locus and targeted locos are cleaved with Kpnl and hybridized with the 1.1-kb outside probe. 
Location of PCR products and probes was with PCR (1.3 kb), PCE (3.5 kb), neo probe (I4> kb), and outside probe (1.1 kb). 



IA-2 knockout and was expressed equally in IA-2 +/+ and 
mice (Fig. 2E). Western blot analysis, using rabbit 
anti-IA-2 sera to measure protein expression in mouse 
brain extract, showed no expression of IA-2 protein in 
IA-2" 7 " mice as compared to IA-2 +/+ mice (Fig. 2F). 

Physical examination of the IA-2^~ mice revealed no 
gross abnormalities. Litter size (data not shown) and body 
weight did not differ from the IA-2 +/+ mice (Fig. 3A). 
Histological studies failed to reveal any abnormality in the 
neuroendocrine cells of the IA-2^" mice, including pancre- 
atic islets (Fig. 4v4) and brain (Pig. 4E and F), nor were 
abnormalities found in any of the other organs or cell 
types examined. Immunohistochemical studies on the 
IA-2^~ mice also revealed normal-appearing pancreatic 
islets, with no difference in the morphology or staining 
pattern of the insulin-, glucagon-, or somatostaun-produc- 
ing cells (Fig. 4B-D) as compared to the IA-2 +/+ controls 
(not shown). 

Nonfasting blood glucose levels of the 1A-2 V ~ male mice, 
measured over a 22-week period, were slightly elevated as 
compared to IA-2 +Af mice, but they did not fall within the 
diabetic range (Fig 3B). Glucose tolerance tests, however, 
showed that glucose was significantly elevated at 15 and 
30 min in both male and female IA-2 /_ mice (Fig. 5/4). 
Moreover, after glucose injection, acute insulin release 
was depressed in both male and female IA-2^" mice, with 
statistically significant differences in the female mice and 
near significance (P = 0.055 at 15 min) in the male mice 
(Fig. 5B). hi glucose-stimulated insulin secretion assays, 
pancreatic islels isolated from lA-2^" mice also responded 
Jess vigorously to glucose stimulation. As seen in Fig. 6, 

1SI1 



male and female IA-2^~ mice released 48 and 42% less 
insulin, respectively, than IA-2 +/+ mice when switched 
from basal (3.3 mmol/1) to high (27.7 mmol/1) glucose. 



DISCUSSION 

Insulin is located in the dense-core secretory granules of 
pancreatic (S-cells. Dense-core granules are complex 
structures, but a number of their constituents are now 
known (25). IA-2, a transmembrane glycoprotein, is an 
integral component of dense-core granules (16). The 
intracellular domain of IA-2 is thought to protrude into 
the cytoplasm of the cell, whereas at least a portion of 
the extracellular (luminal) domain resides within dense- 
core granules. There are two potential dibasic (KK) 
cleavage sites located at amino acid positions 386-387 
and 448-449 of the extracellular domain. Transfection 
and pulse chase experiments have shown that IA-2 is 
expressed as a 120-kDa glycosylated protein that is then 
processed into a predominant 64-kDa fragment and 
several smaller fragments (26). Whether these frag- 
ments from the extracellular domain remain within the 
cytoplasm or are retained within the secretory granules 
is still not clear, nor is their function known. Similar 
posttranslational modifications have been observed in 
bovine pituitary cells (27). Except for these studies and 
a reported correlation between secretogogue stimula- 
tion of 0-cells and upregulation of IA-2 mRNA (28,29), 
very liltle is known about the cell biology of IA-2. 

hi I he present st udy, we succeeded in deleting the IA-2 
gene by targeted gene disruption. Northern and Western 
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FIG. 2. Evidence for IA-2 gene disruption. A: PGR analysis. Primer pairs designed to produce a 1.3-kb product with d>NA from lA-2"^* mice, but 
a 3,5-kb product from IA-2 V ~ mice (sec Fig. 1), snowed that homologous recombination took place and that wild-type IA-2 had been eliminated. 
Bi Southern blot analysis. DNA from IA-2* 7 *, IA-2 W ', and mice were digested with Kpnl and hybridized with the 1.1-kb outside probe. DNA 

from the IA-2*'* mice yielded the expected <>i>-kb band, whereas DNA from the IA-2" 7 * mice gave a 10.7-kb band. 1A-2 W " mice showed both bands. 
<7aud D: Northern analysis. Probes generated from either the extracellular (C) or intracellular (D) domains of IA-2 showed a strong 3. S-kb band 
with IA-2* 7 * mice, a weaker baud with IA-2 W ~ mice, and no band with the IA-2"^ mice. E: lA-2fl niRNA expression in IA-2* 7 * and IA-2 V_ brAin 
tissue. Probe generated from the intracellular domain of IA-2 showed a strong 3.8- kb band with IA-2*'*, but no band with I A-2T 7- mice (top). In 
contrast, a probe generated from the 3' noncoding region of IA-20 showed a strong band (- 5.5 kb) with both IA-2 W * and lA-2^" mice (bottom)- 
F : Western blot analysis. Antibody to IA-2 recognizes the IA-2 protein (arrow) in brain tissue from the IA-2 W * mice, but not from the lA-2"^ mice. 




blot analysis showed (hat neither IA-2 niRNA nor protein 
was expressed. Although non fasting blood glucose levels 
remained in the normal range, glucose tolerance tests 
revealed statistically significant elevated blood glucose 



levels in both male and female IA-2^" mice. Glucose- 
stimulated insulin secretion showed statistically de- 
pressed insulin release in female IA-2^" mice, with a 
similar trend, just missing statistical significance, in male 
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FIG. 3. Body weight and nonfasting blood glucose levels. Body weight (A) and nonfasting blood glucose levels (B) in male (n = 6) and female (ft = 
6) IA-2" 7- (■) and male (n = 6) and female (n = 6) lA-2"^ (□) mice measured over 22 weeks. Data are means ± SE 



IA-2" 7- mice. Islets from both male and female IA-2^" mice 
also showed significantly lower insulin release than islets 
from lA-2 +/+ mice when the cultures were switched from 
basal (3.3 mmol/i) to high (27.7 mmol/1) glucose levels. 
These findings, taken together with the known location of 
IA-2 in dense-core secretory granules, argue that IA-2 plays 
a role in insulin secretion. Although the alterations in 
glucose tolerance tests and insulin release are statistically 
significant, they are mild, and this may explain why IA-2 
mice do not develop elevated nonfasting blood glucose 
levels and overt diabetes. 

The findings with IA-2" 7 " mice raise questions about the 
contribution of IA-23, also known as phogrin, to the 
secretory process. IA-2p is structurally similar to IA-2, 
showing 74% identity within the intracellular domain. Tlus 
protein also is an integral component of dense-core gran- 
ules and is phosphorylated in a Ca 2+ -sensitive manner in 
response to secretagogue stimulation of p-cclls (30). It is 
therefore possible that IA-2 and IA-23 work together or 



that one serves in a compensatory capacity for the other. 
However, at least at the mRNA level, IA-2 knockout does 
not result in a compensatory increase in IA-23 mRNA (Fig. 
2E). Recently we succeeded in deleting the IA-23 gene 
(A.K. and ALN., unpublished data), and experiments are 
now underway to determine wliether this protein also is 
involved in insulin secretion. 

In terms of the pathogenesis of type 1 diabetes, it is of 
interest to ask whether there is any relationship be- 
tween the autoimmune response to IA-2 and the func- 
tional role of IA-2 in secretion. It is known that 
autoantibodies to IA-2 are directed exclusively to the 
intracellular domain of the molecule that protrudes into 
the cytoplasm, iiecause there is no evidence that these 
autoantibodies are internalized and act within the cyto- 
plasm, it seems unlikely that the autoimmune response 
to TA-2 would have any effect on the secretory function 
of the IA-2 molecule. Depressed insulin secretion, how- 
over, is one of the features of type 2 diabetes. Although 
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FIG. 4. Histological appearance and Imniunosuilnttig of pancreases and brain from 1A-2 W " mice. Sections of pancreases were fixed and stained with 
lieinatoxyliti and eosin (/!) or incubated with anti-insulin antibody (JJ), anti-$iica«on antibody (Q, or aittWioitiaUtstatiii aiittlmdy (D) followed 
l»y hinlin-ronjngalod second antibody and streptavidht horseradish peroxidase. Sect ions of brain (hippocampus [FJ] and cerebellum [F]) were 
lixed and stained with hematoxylin and eosin (magnification x200 \A-E\ and xBOO \F\X 
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FIG. 5. Glucose tolerance and insulin secretion tests. ^4; Intraperitoneal (IP) glucose tolerance tests in male (n « 20) and female (n = 22) IA-2"^ 
(O) and male (« ~ 15) and female (n = 19) (•) mice. After overnight Casting, D-glucose (2 g/kg body wt) was injected iiitraperitoneally, 

and blood glucose levels were measured at different time points* J?i Acute insulin secretion in response to intraperitoneal glucose in male (rt = 
17) and female (n = 17) 1A-2 W ^ (O) and male (n = 17) and female (n = 14) lA-2^(«) mice. Blood samples were drawn from the tail vein using 
he par in izecl capillary tubes before and after glucose injection (3 g/kg body wt). The results represent the average of three independent 
experiments. Data are means ± SE. *P < 0.01; **P < 0.001. 



no association between IA-2 and type 2 diabetes has 
been recognized thus far, any gene that is involved in 
insulin secretion becomes a possible candidate gene for 
type 2 diabetes. 

The process of secretion is complex and encompasses 
a number of different signals and pathways (25). Secre- 
tory vesicles are transported from the Golgi to the 
plasma membrane, where docking, priming, and fusion 
take place. Insulin is then secreted by exocytosis, a 
process that involves Ca 2+ influx through voltage-de- 
pendent channels and regulation of exocytosis by a 
variety of phosphorylation events (31). Where in this 
inula step process IA-2 plays a role is not known. 
Recently, by use of the yeast two-hybrid system and 
co-hmnunopreci pi ration, several proteins have been 
identified that bind to IA-2. This includes 0IV spectrin 
and the PDZ domains of p2-syntropliin and neuronal 



nitric oxide synthase. Solimena and colleagues (32,33) 
have postulated that IA-2 may link the secretory gran- 
ules with the actin cystoskeleton through its association 
with piV spectrin or p2-syntropliin, and that this might 
affect granule traffic and exocytosis. Alternatively, be- 
cause nitric oxide regulates the release of certain hor- 
mones, it is possible that the association of IA-2 with 
nitric oxide synthase may modulate insulin secretion. 

Hie demonstration in the present study that deletion of 
IA-2 affects insulin secretion and the identification in other 
studies of IA-2 binding proteins (32,33) begin to provide 
insight into the function and possible mechanism of action 
of IA-2. The fact that IA-2 is present in the secretory 
granules of many different, neuroendocrine cells raises the 
possibility that IA-2 may be involved not only in the 
secretion of insulin front 3-celJs, but also in (he secretion 
of hormones from a broad range of neuroendocrine cells. 
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FIG. 6. Glucose-stimulated insulin release in vitro. Pancreatic islets isolated from lA-2~*~* and IA-2"** mice were placed in five wells, each 
containing 10 islets, in KRBB with 3.3 mmol/l glucose (■). At the end of 1 h, insulin levels in the supc mutants were measured. The cells were then 
transferred to KRBB containing 27.7 mniol/l glucose (Q), and at the end of 1 h insulin levels were again measured. The results represent the 
average of three independent experiments. Data are means ± SE. *P < 0.01; **F < 0.001. 
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Mice Lacking the 65 kDa Isoform of Glutamic Acid Decarboxylase 
(GAD65) Maintain Normal Levels of GAD67 and GABA 
in Their Brains but Are Susceptible to Seizures 

Hideo Asada, Yuuki Kawamura, Kei Maniyama, Hideaki Kume, Ri-gao Ding, Feng Yun Ji, 
Nobuko Kanbara, Hiroko Kuzume, Makoto Sanbo,* Takeshi Yagi,* and Kunihiko Obata 1 ' 

Laboratory of Neurochemistry and * Laboratory of Neurobiology and Behavioral Genetics, 
National Institute for Physiological Sciences. Myodaiji, Okazald, A ichi 444 Japan 
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The gene encoding of the 65 kDa isoform of the y-aminobutyric acid <GABA)-synthesizmg enzyme, 
glutamic acid decarboxylase (GAD), GAD65. was targeted in mice by homologous recombination . Viab le 
GAD65 -/- mice were obta ined with the expected mendelian frequency and displayed no gross morphologi- 
cal defects. Despite the complete loss of GAD65 mRNA and protein in a homozygous mutant there was ' 
no difference in GABA content in the brains of GAD65 +/+, +/-, and -/- mice. As for the other 67 
kDa isoform (GAD67), the levels of mRNA and protein were largely unchanged by the GAD65 mutation. 
General behavior, including locomotor activity and performance in the Morris water maze task, appeared 
normal, but seizures were more easil y ind uced by mcrotoxtn and pentylenetet razol: the latencies to seizures 
induced by picrotoxin were shorter and the dose of pentylenetetrazol required for induction of seizures was 

lower. O 1996 Academic Proa 



y-Aminobutyric acid (GABA) is a principal inhibitory neurotransmitter in the mammalian 
central nervous system (1) and is synthesized from glutamic acid by glutamic acid decarboxyl- 
ase (GAD) in a specific population of nerve cells (GABAergic neurons). GAD has two isoforms, 
GAD65 and GAD67, named for their molecular mass of 65 and 67 kDa, respectively, which 
are encoded by two independent genes (2, 3). It has been suggested that GAD65 is rather 
membrane-associated, whereas GAD67 is a soluble cytosolic protein (3, 4). Although GAD65 
and GAD67 appear to be coexpressed in GABAergic neurons, there are some differences in 
the subcellular distribution in nerve terminals and cell bodies (3-5). Furthermore, GABA and 
GAD are transiendy expressed in embryonic nervous tissue and affect proliferation, migration 
and neurite extension of neurons, and synapse formation (f>-9), indicating that there are some 
developmental or trophic functions of GABA, in addition to the conventional neurotransmitter 
role. Several truncated forms of GAD67 are also expressed transiently during development 
(10). After seizure in the adult rat, GAD67 and GABA appear in the granule cells of the 
hippocampus, which are non-GABAergic excitatory neurons (11 and K. Obata, unpublished 
observation). These findings suggest that GABA itself may be present in different intracellular 
compartments of not only well-differentiated, GABAergic neurons, but also in undifferentiated 
or non-GABAergic cells, and may serve diverse functions in the nervous system. Gene targeting 
of GAD in mice will be useful for elucidating the specific roles of GAD65 and GAD67. 

In the present investigation GAD65 gene was disrupted by targeted mutation in mice, and 
chemical and histological analyses on GAD expression and behavioral studies were performed. 



1 Corresponding author. Fax: +81-564-55-7825. E-mail: obaia@nips.acJp. 
Abbreviations: GAD, glutamic acid decarboxylase; GABA, 7-aminobutyric acid. 
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FIG. 1. Targeted disruption of the mouse GAD65 gene. (A) Schematic representation of GAD65 genomic DNA, 
targeting vector, and the disrupted gene. The targeting vector contains the diphtheria toxin A fragment gene (pMODT- 
ApA) for negative selection. Exon J contains the translation initiation codon ATG, and a neomycin-resistant cassette 
(PGKNeopA, Ref. 15) was inserted into exon 3. Probes Neo and A were used for Southern blot analysis. (B) Southern 
blot analysis using probe A was performed on EcoRI -digested tail DNA isolated from 21 -day-old mice. (C) Western 
blot analysis of GAD65 and GAD65 expression in wild-type(+/+) and GAD65 mutant (+/- and -/-) brain. The 
GAD proteins were detected with anti-GAD65/67 (A) and anti-GAD65 (B) antisera. 



GAD65 mice maintained nonnal GAD67 and GABA levels in the brain. General behavior 
was not impaired but seizure was more easily induced by picrotoxin and pentylenetetrazol. 

MATERIALS AND METHODS 

Production of the GAD65 mutant mice. A genomic library of TT2 cell (12) was screened using the 5' portion of 
GAD65 cDNA The whole sequence of mouse GAD6S cDNA was registered at accesssion number D4205I in 
Gen Bank (13) as a probe (14). The structure of the targeting vector is shown in Fig 1A. The 0.6 kb Xho I-Sal I 
fragment of pMClDT-A (15) and the 3.7 kb SaJ l-Sma 1 fragment of pGKPuro (16) were ligate to yield pMClDT- 
ApA. TT2 embryonic stem cells (15) were transfected with the targeting vector and then introduced into 8-ceII embryos 
from ICR mice. The mutant mice were obtained by mating chimeric mice with C57BL/6 mice, as reported (15). 

Biochemical analysis of the mutant mice. Southern blot analysis was performed according to the general procedure 
(14. 17). Rabbit antisera, anti-GAD65/67, against C-terminal portion of GAD (DIDFLIEEIERLGQDL) and anti- 
GAD65, against N-terminal portion of GAD65 (ASPGSGFWSFGSEDGS), were obtained by the injection of synthetic 
peptides, respectively. Western blot was performed as previously described (17). Anti-GAD65/67 recognized both 
GAD 65 and GAD67 and anti-GAD65 selectively detected GAD65 in Western blots. Enzymatic activity of GAD was 
assayed by convertion of w C-glutamate to ,4 C0 : in the presence and absence of pyridoxal 5'-phosphate (PLP) as in 
( 1 8). with a slight modification. GABA in the tissue homogenaies was measured by high performance liquid chromatog- 
raphy (BAS, Japan). 

Behavioral analysis of mutant mice. Locomotor activity and water maze learning were studied with an open 
Held (diameter 60 cm) and a water maze (diameter: 120 cm) (Neuroscience, Inc.). Motor coordination was 
observed on a Rota-Rod treadmill (UGO Basile). Passive avoidance learning was tested using a step-through 
type apparatus (O'Hara). 
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Induaion of convulsion by picrotoxin and pentylenetetrazol. Five mg/kg picrotoxin was injected intraperitoneal ly 
and the times of onset of sedation and seizure were recorded. Immediately after a generalized convulsion was induced, 
diazepam (5 mg/kg) was intraperitoneally administered to suppress the convulsion. Effective doses of pentylenetetrazol 
were determined by the time of onset of twitch, clonic convulsion and limb extension leading to death after starting 
intravenous injection with a 1% solution at a constant rate (100 pd/min.) (19). 

RESULTS 

Southern blot analysis of 21-day-old mice tail DNA (Fig. IB) showed that wild-type, hetero- 
zygous and homozygous mutant mice were obtained from heterozygous GAD65+/- parents 
with the expected mendelian frequency (+/+, number of mice n=19; +/-, n=33; -/-, n= 13). 
Homozygous GAD65 mice appeared healthy, were of similar size and weight to wild- 
type and heterozygous GAD65 +/- littermates, and had no gross defects. No morphological 
abnormalities were observed in brain sections (data not shown). 

Northern blot analysis showed that GAD65 rnRNA was absent in GAD65 brain and 
was reduced to one-half of wild-type brain levels in GAD65 +/- brain (data not shown). 
Levels of GAD67 mRNA in homozygous and heterozygous brain tissue were similar to those 
in wild-type brain. These results were confirmed by in situ hybridization histochemistry of 
mice brain (not illustrated): homozygous mice had no GAD65 mRNA-positive neurons, and 
in heterozygous mice the number of GAD65 mRNA-positive neurons was normal, but the 
intensity of staining was about one-half that of wild-type neurons. No change was found in 
the number and staining intensity of GAD67 mRNA-positive neurons. Western blot analysis 
also demonstrated that GAD65 protein was absent in GAD65 -/- brain and was reduced to 
about one-half the level in GAD65 +/- brain (Fig. 1Q. Close examination did not reveal 
any bands which might be derived from the partial translation of exons 1 and 2 of GAD65 
gene remaining after mutation. Levels of GAD67 protein were almost the same. Immunohisto- 
chemistry of GAD65 -/- mice brain also demonstrated that no cell was GAD65-positive and 
the expected population of neurons were GAD67-positive (not illustrated). 

GAD activities in the cerebral cortex in the presence of PLP were (cpm/30min///g protein- 
mean ± SEM. n=3): 8.22±0.96 for wild-type mice, 5.97±0.35 for GAD65 +/- mutants and 
3.63 +0.54 for null mutants. The decrease for the null mutants was statistically significant 
(p<0.05) and was largely due to decrease in PLP-dependent activity. It is known that a large 
part of GAD65 exists as apoenzyme and requires exogenous PLP (2). The similar changes in 
GAD activities of the mutants were also observed in the striatum, hippocampus and cerebellum. 
GABA contents were (nmol/mg protein: n=15): 2.39+0.19 for the cerebral cortex, .3.45+0.27 
for the striatum, 3.22±0.27 for the hippocampus and 2.61 +0.25 for the cerebellum! No signifi- 
cant difference was observed among three groups of mice. Immunohistochemistry of GABA 
also demonstrated normal number and distribution of GABA-positive neurons in GAD65 
brain sections (not illustrated). 

Locomotor activity in novel environments and its accommodation with time were studied 
in an open field. Distances (cm) which mice passed during 2 min. immediately after introduction 
into the apparatus and after 10 min. of stay in the same apparatus were: 1,423+107 and 
894+77 for wild-type litermates (number of mice, n=9), 1,314+60 and 682+62 for GAD65 
+/- mice (n=l8) and 1,377+193 and 938+1 19 for GAD65 -/- mice (n=4), respectively. 
These values did not differ statistically among groups. No ataxic behavior was observed in 
free movement in an open field and during stay on a rotating rod (Rota-Rod test). No difference 
was observed in passive avoidance test. For training, electrical shock was delivered to mice 
from the grids on the floor when they moved from a lighted compartment to a dark compart- 
ment. When the mice were introduced to the same dark compartment 24 hours after the 
training, most mice including all GAD65-/- mice did not step through to the dark room 
during 3 min. of observation. Spatial learning was evaluated by escape latency to a hidden 
platform in the Morris water maze and did not reveal any differences among three groups. 
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TABLE I 



Sensitivity of CAD65 Mutant Mice to Seizure Induced with Picrotoxin or Pentylenetetrazol 



Latency of picrotoxb effects (sec) 



Dose for pentylenetetrazol 
convulsion (mg/kg) 



Genotype 



Sedation 



Seizure 



Seizure 



Tonic 
extension 



+/- 



249. 1 ±16.0(7) 
2503± 15.3(12) 
215.0^32.2(6) 



849.Z+523 (7) 
831.9±56.9 (12) 
5I5.7:!:68.8**(8) 



62.1 ±2. 1 (4) 
52.9±1.5t4) 
4I.J±6.8 a (4) 



86.71:8.8 (4) 
78.51:14.7 (3) 
54.6+7.9* (4) 



Note. Picrotoxin (5mg/kg) was injected intraperitoneal ly, and pentylenetetrazol was infused into 
the tail vein at a constant rate of 0.0167 mg/sec Values represent mean ±S EM (numbers of mice). 
*■ Statistically different from wild-type group using Student t-test. (p<0.05). 
* Statistically different from heterozygous group using Student t-test. (p<0.05). 



Escape latencies (sec) in the first session (mean value of five trials in each session) were: 
85.7+2.8 for wild-type mice (n=6), 82.8±4.7 for GAD65 +/- mice (n-8) and 81.2±8.8 for 
GAD65 mice (n=4). On the 6th day (session 6), escape latencies of the same mice were 
12.4+2.7 for wild-type, 12.0±1.5 for GAD65 +/- and 13.0±2.2 for GAD65 animals. 
On the 7th day, the mice were forced to learn to locate a visible platform with a flag in the 
same water maze. All mice escaped to the platform within 10 sec after 3-4 trials. 

Sensitivity of mutant mice to convulsants was assessed in two ways. Intraperitoneal 
administration of picrotoxin (5 mg/kg) induced sedation in most mice after 3-5 min.: sedation 
was characterized by lying motionless on their stomach with lightly extended limbs. After 
10-15 min. of sedation the animals again assumed crouching posture and walked around. 
This was followed by a generalized convulsive fit. Latency to seizure was significantly 
shorter for GAD65 -/- mice (Table 1). Six GAD65 -/- mice had a similar latency to 
sedation but in the remaining 2 homozygotes a convulsion developed without sedation, 
probably representing a higher seizure susceptibility. Continuous infusion of pentylenetetra- 
zol induced twitch, clonic convulsion and tonic extension, sequentially. Doses required for 
induction of clonic and tonic convulsion were significantly lower for homozygous mutants 
than for wild-type mice (Table 1). Seizure threshold for heterozygous mutants was between 
those for wild-type and — /- mice. 



Targeted disruption of the GAD65 gene at exon 3 might allow expression of a small N- 
terminal peptide, but will certainly eliminate GAD65 enzyme activity (2). Absence of GAD65 
in homozygotes was confirmed by Western blot analysis and immunohistochemistry. Compen- 
satory up-regulation of GAD67 was not the observed In GAD65 -/- mice, GABA should 
be synthesized exclusively by GAD67. There were no significant changes in GABA levels in 
four brain regions in GAD65 -/- and +/- mice, in which GAD65 expression was reduced, 
indicating the presence of homeostatic regulation of GABA synthesis. Although the PLP 
dependent GAD activity was reduced in the mutant mice, the remaining GAD67 activity might 
be enough to keep the level of GABA. 

Although locomotor activity and several types of behavior were not affected, GAD65 
mice showed an increased susceptibility to picrotoxin and pentylenetetrazol. Picrotoxin blocks 
the GABA receptor complex (1) and one of the targets of pentylenetetrazol is also the GABA 
receptor (20). Therefore, higher sensitivity of GAD65 mice to these convulsants may 
reflect reduced GABAergic transmission. A possible mechanism could be the reduction of 



DISCUSSION 



894 



VOL H9. N„. 3. IW6 BIOCHEMICAL AND BIOPHYS.CAL RESEARCH COMMUNICATIONS 

now Kmuulsmd/or , to of GABA twenty* GABAergic 

-/- and double knockout mice should allow the elucidation «f ' • GAE> 67 

of GAD65 and GAD67 in WstoEenesis <Z«,^ • of specific or cooperative roles 

mechanism of the nervous S ys2 transnussl0n and other trophic/n.gulatory 

ACKNOWLEDGMENT 
™ S ^ ^ ^ *» GranK - in Aid f """ *• of Educatfc, Science. Sports and CuIture (Japan , 

REFERENCES 

' .... 

' c£ ^S^' U ^ Un " nariC - A " S ^ «■ S, * CanuUi. P., a™. Soling M. (1995) y 
5. Egape, M. T.,,^ N. ,. «, Ka^ a U, ToK, A ^ House, C * ( ,994) , Neurosei 14> 

Afarod ' C S ° m0Ey '- ' 0hh - *- Lehel- C. and Barter. J.L. (1994) J 

Igje* J- i-. CW. D. F, HeaU, M. , S.. Davis. M. B. ■,, and KHegs^n. A. R. (.995, yw on I5 . I287 . 

10 ^ S ^ e, v A -' RedbUm - ° A - (,995 > y - *«- «, 1-7. 

I S^,'™ r T^V?! GreCnS[Mn - R Ce«. AM 14, 7535-7545 

I. Schwaner C. and Speric, G. ( 1995) Nauoscicnce 69, 705-709 

I^S^i ^1^^ M - ^ T - ^ V, Takeda. «. Ikawa . y„ ^ 

17- Kume, R, Maruyama, fC, Tomita, 1\ Iwatsubo, T., Saido T C and Ohm. * , 

Gwwwn. 219, 526-530. ' U * ™ d Gbala ' (1996) fiwc/r*m. A/n/j/i w. 

J8. Moskai, J. R.. and Basu, S. (1975) Anai Biovhenu 65, 449-457 

* iS^Si 11, ^ S * ^ ^ M " D ^ M. F.. and M*. D . (1995) 

20. Stringer, J. L. (1994) Brain Rrs. 636, 221-226. 



t Upp.625- 



BioL 



895 



Article 



Mice lacking desmocollin 1 show epidermal 
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The desmosomal cadherin desmocollin (Dsc)1 is ex- 
pressed in upper epidermis where strong adhesion 
is required. To investigate its role in vivo, we have 
genetically engineered mice with a targeted disruption in 
the Dsc1 gene. Soon after birth, null mice exhibit flaky 
skin and a striking punctate epidermal barrier defect. The 
epidermis is fragile, and acanthotysis in the granular layer 
generates localized lesions, compromising skin barrier 
function. Neutrophils accumulate in the lesions and further 
degrade the tissue, causing sloughing (flaking) of lesional 
epidermis, but rapid wound healing prevents the formation 
of overt lesions. Null epidermis is hyperproliferatrve and 
(Overexpresses keratins 6 and 16, indicating abnormal 



differentiation. From 6 wk, null mice develop ulcerating 
lesions resembling chronic dermatitis. We speculate that 
ulceration occurs after acantholysis in the fragile epidermis 
because environmental insults are more stringent and 
wound healing is less rapid than in neonatal mice. This 
dermatitis is accompanied by localized hair loss associated 
with formation of utriculi and dermal cysts, denoting hair 
follicle degeneration. Possible resemblance of the lesions 
to human blistering diseases is discussed. These results 
show that Dscl is required for strong adhesion and barrier 
maintenance in epidermis and contributes to epidermal 
differentiation. 



Introduction 

The desmosomal cadherins, desmocollin (Dsc)* and des- 
moglem (Dsg), mediate adhesion in desmosomes, one of 
the principal types of intercellular junction in epithelia and 
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cardiac muscle (Chitaev and Troyanovsky, 1 997; Marcozzi 
et al., 1998; Tselepis et al., 1998). Each constitutes a cad- 
herin subfamily that comprises three genetic isoforms (Dscl, 
2, and 3 and Dsgl, 2, and 3) (Buxton et al., 1993). Dscs and 
Dsgs show tissue-specific expression; Dsc2 and Dsg2 are 
ubiquitous in desmosome-containing tissues, whereas Dscs 
1 and 3 and Dsgs 1 and 3 are restricted to stratified epithe- 
lia. In stratified epithelia such as epidermis, the desmosomal 
cadherins also show differential expression with the " 1 w iso- 
forms expressed in suprabasal differentiated layers and the 
"2* and "3" isoforms in more basal layers (Garrod et al., 
1996). Dsgl and 3 and Dscl and 3 expression in epidermis 
is graded reciprocally; the "3" isoforms decrease exponen- 
tially from the basal layer as die "1" isoforms increase 
(Shiniizu et al, 1995; North et al 0 1996). This implies diat 
their expression patterns may be linked, a possibility also 
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suggested by the adjacent chromosomal locations of desmo- 
somal cadherin genes (Hunt et al., 1999). Where they occur 
together, Dscl and Dsc3 are mixed in the same desmo- 
somes. Thus, the Dscl :Dsc3 ratio increases with stratifica- 
tion, indicating turnover during epidermal differentiation 
and showing that adhesion at different levels in the epider- 
mis involves different combinations of desmosomal cad- 
herins (North et al M 1996). 

Desmosomal adhesion plays an important role in the 
maintenance of tissue architecture as indicated by the study 
of human disease and null mutations in mice (Hashimoto et 
al., 1997; Amagai, 1999; Mahoney et al., 1999; Green and 
Caudry, 2000). The loss of expression of desmosomal com- 
ponents in some human carcinomas and the ability of des- 
mosomal expression to block cellular invasion suggests that 
desmosomes may also have a tumor suppressor function 
(Carrod, 1995; Shinohara et al., 1998;Tselepisetal., 1998). 

A pressing question is whether the differential expression 
of desmosomal cadherins indicates specific functions for the 
distinct isoforms. Their graded expression in stratified epi- 
thelia implies a possible role in epithelial differentiation. 
Stratification itself is dearly not dependent on the presence 
of multiple desmosomal cadherin isoforms, since cornea 
possesses only Dsc2 and Dsg2 (Messent et aU 2000). In 
other epithclia, Dsc3 and Dsg3 are associated positionally 
with cell proliferation and the early stages of differentiation, 
whereas Dscl and Dsgl arc associated with terminal differ- 
entiation and keratin tzation. Thus, the w l" isoforms may 
provide strong adhesion to resist abrasion in keratinized epi- 
thelia, and the "3" isoforms may provide weaker adhesion 
required for cell proliferation and motility (Legan et al., 
1994). Desmosomal cadherins also may be involved in dif- 



ferencial ive signaling. Desmosomes participate in both in- 
side-our and outside- in signal transduction (Osada et aL, 
1997; Wallis et al., 2000^ Furthermore, the Dsc and Dsg 
cytoplasmic domains bind the armadillo proteins plakoglo- 
bin (PG) and plakophilin, and PG signaling in the epider- 
mis has been demonstrated, since overexpression affects hair 
growth (Charpentier et al., 2000). The nuclear location 
of plakophilins suggests a possible gene regulation role 
(Hatzfeld, 1999). Thus, either a struccural/morphogenetic 
role and/or a direct or indirect differentiative signaling role 
for desmosomal cadherins may be envisaged. Mice express- 
ing dominant negative Dsg3 exhibit abnormalities of epider- 
mal proliferation and differentiation (Allen et al„ 1996), al- 
though Dsg3~'~ mice show no obvious abnormalities of 
epidermal differentiation (Koch et al., 1997). 

To approach the question of the function of Dsc isoforms, 
we have performed targeted ablation of the mouse Dsc J gene. 
This results in a complex phenorype, showing epidermal fra- 
gility together with defects of epidermal barrier and differenti- 
ation. The epidermis of neonatal mice shows lesions, which 
resemble those found in IgA pemphigus, and older mice de- 
velop chronic dermatitis. These results demonstrate that Dscl 
contributes substantially to epidermal adhesion and function. 

Results 

Characterization of the Dsc 7 gene 

Two X dones (XCl and XC4) and a PAC done (364cl7) con- 
taining Dscl sequence were obtained from library screens. 
From these, the mouse Dscl gene was characterized in detail. 
The gene spans ^32 kb and consists of 17 exons (Fig. 1). Exon 
10 is the largest (260 bp) and exon 16, which is alternatively 
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Figure 1 . Exoivintron organization of the murine Dscl gene. Tlie analysis was conducted using a PAC clone (RPG2 1 346c 1 7) and two X clones 
(,\C1 and \C4). Tlie location of each exon is shown relative to the Dscl gene and a schematic representation of the mouse (M) Dscl a and Dsclb 
fjroteins. Results from RNase protection assay tuupublislied data) suggest that there are no additional !»' exons. Alternative splicing of RNA can 
occur; tlie shorter *b* form of the protein is produced if RNA encoded by exon 16 (which contains an in4ra trie stop couonj is included in the final 
message. PRE, signal peptide; PRO, propeptide; KC1-EC5. extracellular homologous repeat domains 1-S; TM. transmembrane domain; CYT, cyto- 
plasmic domain. TIk* locations of tntrons in human (Hj DSCJ t Greenwood et a!., 1997> are shown for cornjsarison and indicated liy arrowheads. 
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Table 1. Exon-intron boundaries of the mouse Dscl gene 



Exon 


Exon size 


5 ; donor 


tntron size 


3' acceptor 


1 


bp 
NC + 63 


TTTCTCCTCgtgagt 


fcb 
2.6 


UlgagG TTCT GGT A 


2 


B5 


TACCCAAAGgtgagc 


1.7 


ctgtagTGAATCTGG 


3 




*j /wvrw/w«-»jj i a a<t g 


1.1 


<tU)UlgVJl 1 1 1 1 nub 


4 


120 


ATTCAGCACgtctgt 


1.1 


ttatagATCCAATCT 


5 


156 


CAAl l i MGgtaaga 


5.8 


ttccagCTATATCGA 


6 


145 


GCCGATCTGgtgagt 


3.0 


gaacagGAACTTCAC 


7 


167 


GACAGACAGgtaatg 


1.9 


ttacagAAAT GTG AC 


8 


135 


CAAACTTCTgtgagt 


1.2 


cctcagT AT ACT AC A 


9 


1B6 


AGGCTT AACgtaatg 


1.1 


aaacagCCACTGAAC 


10 


260 


AGGCTT AACgtaatg 


0.4 


acctagGTATGAG AT 


11 


143 


CAGATACAGgtgagt 


5.5 


tcctagCTGGCCGAT 


12 


213 


CACAGG ATGgtaagl 


1.3 


cttcagGTAAACCTG 


13 


240 


TGCTACTGTgtaagt 


0.8 


ctgtagGCATTTTCT 


14 


125 


GAAGTGACGgtaaal 


0.7 


ctttagGAAGCCAAT 


15 


222 


CTTGGTGAAgtaagt 


0.9 


atacag AAG CTGT AT 


16 


46 


CTTG GT GAAgta a gt 


0.3 


atgtagG AATCCATT 


17 


195 + NC 









Consensus aj/gt splioe sequences are shown in bold tntron sizes were determined by PCR using primers positioned on flanking exons. NC, noncoding. 



spliced to generate the "a" and *V forms of the protein (Collins 
ct al., 199 1), is die smallest (46 bp). Single exons do not corre- 
spond to known structural elements such as the extracellular 
domain internal repeats or the transmembrane or cytoplasmic 
domains (Fig. 1). All intron-exon borders conform to 5' and 3' 
splice site consensus sequences (Table I). The organization of 
mouse Dscl shows a striking resemblance to that of other Dsc 
and classical cadherin genes (G rccrrwood etal, 1 997; Whrttock 
et aL, 2000) with exon boundaries highly conserved (Fig. 1 ). 

Generation of Dscl-nuW mice by 
homologous recombination 

The Dscl gene was disrupted in embryonic stem (ES) cells 
using the targeting vector shown in Fig. 2 A- On homolo- 



gous recombination, the vector replaces the translation initi- 
ation codon (ATG) and the coding sequence from exon 1 
with a neo-cassette. 98 bp at the 3' end of exon 1 (including 
63 bp encoding the start of the Dscl signal peptide) and 2.2 
kb of intron 1 are replaced by vector DNA. 

Four ES cell clones containing a disrupted Dscl allele were 
identified, and one was used to generate chimeric mice that 
transmitted the mutated allele to their progeny. Mice het- 
erozygous for the targeted mutation were identified by 
Southern blotting; wild-type and mutant alleles produced 
fragments of 20- and 6-kb, respectively (Fig. 2 B). Addi- 
tional Southern blotting with a probe located 3' to the ho- 
mologous sequences in the targeting vector confirmed the 
presence of the mutated allele in heterozygous mice, and a 
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Figure 2 . Targeted disruption of the 
mouse Dscl gene. (A) Targeting strategy. 
The targeting vector consisted of pUC 
DNA, a neomycin (neo) resistance 
cassette, and portions of the Dscl gene 
including 2.1 kb of homology (5' arm) 
and 5.2 kb of homology (3' arm). Filled 
vertical boxes represent exons. B, 
BainHI; P, Pvull; H, Hindi!!. (B) Southern 
blot analysis of genomic DNA from 
wild-type <+/+), heterozygous {+/-), 
and homozygous (-/— ) mice. DNA was 
digested with Bam HI, subjected to 
agarose gel electrophoresis, and trans- 
ferred to nitocellulose. Wild-type (20 kb) 
and mutant (6 kb) alleles were detected 
with probe 1, which hybridized to DNA 
just outside of the 5' region of homology. 
Similarly, probe 2, which hyltfidized to 
DNA just outside the 3' region of 
homology, detected wild- type 
(20 kb) and mutant (14 kbj bands 
(unpublished data). 



824 The Journal of C:U Biology | Volume 155, Number 5. 2001 



F igure 3 . Expression of desmosomal constituents in 
Dscl mutant mice. (A) RT-PCR showing absence of 
Dscl message in DscV" mice. Amplification of Dscl 
niRNA was performed using primer pairs Pi and P2 and 
P3 and P4 (Fig. 2 A) to give 476- and 358-bp products, 
respectively, in wild-type and heterozygous mice only. 
Control amplifications using glyceraldehyde-3-phos- 
phate dehydrogenase primers (983-bp product) were 
performed. (B) Western blot analysis of epidermal 
extracts using antibodies specific for Dscl, Dsc2, Dsc3, 
Dsgl +2, PC, and DP. Equal protein loadings were 
determined by prior staining with Coomassie brilliant 
blue, (C-F) Immunofluorescence of epidermis from 
2-d-old normal and null mice. Dscl is expressed in the 
epidennis and hair follicles of normal mice (Q but is 
absent from the skin of null animate (D). DP distribution 
is unaffected apparently by the absence of Dscl and is 
similar in nonnal (E) and null mice (F). Vertical bars 
indicate position of epidermis. Skin samples were taken 
from the backs of mice hf, hair follicle. Bars, 25 |tra 
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neo-dertved probe was used to show the presence of only 
one copy of the neo gene (unpublished data). Heterozygous 
mice, which could not be distinguished from their wild-type 
littermates, were crossed and their progeny genotyped. Litter 
sizes were normal. Of the pups. 26% were wild-type (+/+), 
56% were heterozygous (+/—), and 18% were homozygous 
for the disrupted allele (—/-)(» = 308). Thus, the number 
of homozygous-nuil offspring was slightly lower than ex- 
pected. Dscl is first expressed at embryonic day (E)13.5 in 
the outer layers of epidermis (King et al., 1996; Chidgey et 
al., 1997). To determine whether absence of Dscl results in 
some embryonic mortality, wc genotyped El 7 embryos 
from heterozygous crosses. Of these, 28% were wild-type, 
43% were heterozygous, and 29% were — /— (» = 65)- This 
is a normal Menddian ratio. These data suggest that some of 
the Dscl~*~ neonates are eaten by the mothers at birth, al- 
though no direct evidence for this was found. Dscl'*' mice 
were fertile: pups from Dscl' 1 ' X Dscl~ H crosses were 
reared and weaned succ essfully. 

Mice lacking Dscl show a neonatal phenotype 
involving skin, hair, eyes, and growth 
Using primers Pi and P2 specific for exons 1 and 5, respec- 
tively (Fig. 2 A), full-length Dscl mRNA was absent from the 
epidermis of Dscl~'~ mice by reverse transcriptase (R7>PCR 
(Fig. 3 A). To confirm the absence of a 5 '-truncated message, 
RT-PCR was performed using primers P3 and P4 specific for 
exons 4 and 7, respectively (Fig. 2 A). No evidence for a trun- 
cated message was found (Fig. 3 A). Primer P3 hybridizes to 
DNA downstream of that encoding the beginning of the ma- 
ture protein. Hence, it is extremely unlikely that a truncated 
message smaller than that which would be detected by primer 
pair P3-P4 would produce a functional protein. Western blot- 
ting with a polyclonal antibody raised against a substantial 
portion of the extracellular domain of Dscl (North et al., 
1996) showed absence of the protein from Dscl~ J " epidermis 
(Fig. 3 B). No evidence for the production of a truncated pro- 
tein was found. Western blotting also showed no clear differ- 
ences in expression of other desmosomal components (Dsc2, 
Dsc3, Dsgl +2, PG, desmoplakin [DP]) (Fig. 3 B). Immu- 
nofluorescence demonstrated absence of Dscl from Dscl~ l ~ 
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Figure 4. Eye, skin, and growth abnormalities in Dsd-null mice. 
(A) Eyelids from a 2-d-old normal mouse, f, fused eyelid epidermis; 
c, cornea. (8) Eyelids from a DscT l ~ littermate showing a failure of 
eyelid fusion, inflammation, and corneal damage, t, eyelid tips 
which have failed to fuse. (C) Flaky skin in two null mice at 2-d-old. 
At this age, null mice were in distingu is liable in size from their 
normal littermates. {D* Flaky skin and characteristic runted 
appearance in an 8-d-old null mouse (bottom animal) when 
compared with a normal littermate (top animal). (E) Delayed weight 
gain in Dscl -null mice. Results from a typical litter consisting of 
nine pups in which a null <Nu> mouse and its normal (No) litter- 
males were born with equal weights, but at weaning (21 d; the null 
mouse weighed 30% less than the average of llie others. Bars 
represent range of weights of normal littermates. 10 filters were 
examined with similar results. Bars, 150 \xm. 
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epidermis and the inner root sheaths of hair follicles (Fig. 3. C 
and D). Other desmosomal components were unchanged 
(DP shown) (Fig. 3, E and F). 

At birth, homozygous mice were generally indistinguish- 
able from their littermates, but 10% were born with one or 
both eyes open (Fig. 4, A and B). Failure of eyelid fusion led 
to corneal damage and inflammation and corneal opacity or 
micropthalmia later in life. From day 2, null mice could be 
distinguished from their normal G.e„ Dscl* 1 * and DscJ*'~) 
littermates because null skin was covered in white flakes or 
scales (Fig. 4, C and D). 

Although born at the same size, null mice usually grew less 
rapidly (Fig. 4 D), and by weaning (21 d) they were ~30% 
smaller than littermates (Fig. 4 E; see Fig. 9 A). Slower 
growth was not due to an obvious feeding defect. The guts 
of null mice had milk in their stomachs and a normal ap- 
pearance throughout their length, indicating that the food 
was processed normally. Dscl is expressed in mouse tongue, 
hard palate, esophagus, and forestomach (King et al., 1996, 
1997), but histological examination of these tissues from 
null mice revealed no abnormalities of the epithelia. Inspec- 
tion of the oral cavities of null pups revealed no blistering of 
epithelia. Thus, Dscl~ l ~ mice did not show the type of oral 
blistering defects responsible for feeding defects and small 
size in Dsg3~*~~ mice (Koch et al., 1997). Of null animals, 
10% remained runted, but others caught up after weaning 
so that by 3 mo there was no significant difference in weight 
between them and normal mice. Thus, although growth was 
slower adult size was not generally affected 

Dscl is expressed in the Hassal bodies of human thymus 
(Nuber et aL, 1996). To test for an effect on thymus, we ex- 
amined it histologically and counted numbers of peripheral 
blood T cells labeled with antibodies to CD4 and CD8 by 
flow cytometry. No differences were found. 

Mice lacking Dscl show abnormal epidermal 
proliferation and differentiation 

Histology showed that the epidermis of Dscl~ J ~ mice was 
considerably thicker than that of littermates. Normal epider- 
mis consisted of two to three cell layers below the cornified 
layer, but that of null mice had one, two, or three additional 



layers, and thickening was found at all body sites. At 2 d, 
thickening was principally in the spinous layer (Fig. 3, E and 
F, and Fig. 5, A and B), although localized hyperkeratosis 
and parakeratosis were also seen (Fig. 5 C). The epidermal 
cells often but not always appeared larger in the thickened 
null epidermis (Fig. 5* A and B, compared with Fig. 3, E 
and F). To determine whether epidermal thickening was due 
to increased cell proliferation, we examined the skin from 
null and normal mice using an antibody against Ki67. Pro- 
liferating cells were infrequent (3% of all epidermal nuclei) 
in normal mouse skin and found exclusively in the basal eel] 
layer (Fig. 5 D). By contrast, in null mouse epidermis kera- 
rinocytes with nuclear Kj67 were extremely abundant (33% 
of all epidermal nuclei) and observed frequendy in supra- 
basal layers (Fig. 5 E)- 

To investigate the effects of the null mutation on epider- 
mal differentiation,' we examined the expression of differen- 
tiation markers by immunofluorescence. No differences be- 
tween normal and null epidermis from 2-d-old animals were 
observed in the distributions of the basal markers P-cadherin 
(Fig. 6, A and B), fo-intcgrin (Fig. 6, D and E), and keratin 
5 (unpublished data). Early markers of terminal differentia- 
tion (keratin [K]l, involucrin) and a marker for late epider- 
mal differentiation (filaggrin) were normal in 2-d-old null 
mice (unpublished data). However, a striking difference in 
the hypcrproliferation markers keratins 6 and 16 was found. 
In normal 2-d epidermis, expression of K6 was restricted 
mosdy to hair follicles (Fig. 6 G), although localized inter- 
follicular epidermal staining was found occasionally. In null 
epidermis, K6 was present in both hair follicles and interfbl- 
licular epidermis (Fig. 6 H). Such K6 expression was ob- 
served at all body sites but was patchy locally: in some places 
expression was present throughout interfollicular epidermis 
but was absent from others. In normal epidermis, Kl 6 was 
expressed in hair follicles, and superficial staining was 
present in suprabasal interfollicular epidermis (Fig. 6 J). In 
null animals, expression of the protein was up regulated and 
detected in all cell layers of interfollicular epidermis (Fig. 
6K). 

In later life, null mice were susceptible to skin ulceration 
(see below). In lesioned epidermis from adult null mice, 
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Figure 5. Hyperplasia and increased cell 
proliferation in Dscl -deficient epidermis. 
(A) Epidermis from a 2-d-old normal 
mouse. (Bj Epidermis from a Dsc V'~ 
littermate showing hyperplasia. Bars (e) 
indicate thickness of living layers of 
epidermis. (Q Epidermis from a Dscl -null 
mouse showing localized hyperkeratosis 
and parakeratosis (retention of nuclei in 
the cornified layer) (arrow). (D) Expression 
of Ki67 in the epidermis in a normal 
mouse. (E) Ki67 staining in the epidermis 
of a D$c\~ h mouse. Only one proliferat- 
ing cell located in the basal layer is present 
in D (arrow), whereas in E almost all of the 
cells in the basal layer and numerous 
suprabasal ceils (arrows) are undergoing 
cell division. A-C show head skin; D and 
E show back skin. Bars: (A--Q 1 00 p-in; 
\D and Ej 50 jxm. 
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Figure 6. Immunofluorescence of differentiation 
markers in Dscl -null mice. Distribution of 
P-cadherin in normal (A) and null (B) 2-d-old 
animate. In both cases, expression is confined to 
the basal cell layer and hair follicles. However, 
dramatic upregulation of P-cadherin is found in 
I es toned epidermis from adult (~3-mo-old) null 
animals (Q. Similarly, distribution of 04-integrin 
expression is similar in normal (D) and null (E) 2-d 
epidermis but is increased dramatically in all cell 
layers of lesioned epidermis from older null mice 
<F). Keratin 6 is expressed in hair follicles of normal 
mice (G), whereas in unlesioned epidermis from 
2-d-old null animals it is found both in hair folli- 
cles and interfotlicular epidermis (H). Dramatic 
upregulation of keratin 6 is found in lesioned 
epidermis from adult null animals (1). In normal 
animals, superficial keratin 16 staining is detected 
in suprabasal layers (j), whereas in null mice it is 
expressed strongly throughout the epidermis 
including the basal cell layer in both nonlesioned 
(K) and lesioned epidermis (l). Arrowheads 
indicate the basement membrane. All micrographs 
show back skin. Bars: (A-F and J-L) 25 |tm; (G-l) 
150 p.m. 
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basal layer markers were expressed in all cell layers (Fig. 6, C 
and F). There were no differences in the distributions of Kl 
and filaggrin. Both K6 (Fig. 6 I) and Kl6 (Fig. 6 L) were 
found throughout lesioned epidermis. 

Cornified envelope formation is an important aspect of 
epidermal terminal differentiation. Because a Dsc, Dsc3, has 
been reported as a component of cornified envelopes (Rob- 
inson et al., 1997) and because Dscl~*~ mice showed abnor- 
mal epidermal differentiation, we compared cornified enve- 
lopes from the epidermis of null and wild-type mice. No 
difference in appearance was detectable. 

Dscl deficiency produces epidermal fragility with 
localized loss of barrier activity 

Two observations from neonatal mice suggested that the 
epidermis of Dscl~ f ~ mice is more fragile than that of litter- 
mates. First, histology revealed splits in the epidermis. Such 
acantholysis, which was absent from normal epidermis, oc- 
curred within the granular layer between the granular and 
spinous layers (Fig. 7 A) or between the cornified and granu- 
lar layers. Second, when we attempted to isolate the epider- 
mis from 2-d-old mice we found that null epidermis could 
only be removed in small pieces, whereas normal epidermis 
remained in sheets (Fig. 7, B and C). 

We determined the effects of eliminating Dscl on desmo- 
some ultra st rue cure in the epidermis. No abnormal ities in 
the structure or number of desmosomes were found, includ- 
ing those at the level of the upper spinous and granular lay- 
ers where Dscl expression is strongest (Fig. 7, D and E). 
S imila Hy no changes in desmosomes in the inner root 
sheaths of hair follicles were apparent (unpublished data). 
By EM, epidermal splits showed an absence of cell lysis and 
desmosomes, indicating that splitting occurred because of 
weakened adhesion (Fig. 7 F). 

We speculated that flak)' skin and epidermal fragility 
could lead to defects in the skin barrier. To examine this* 



barrier activity was tested by dye penetration assays (Hard- 
man et al., 1998; Marshall et al., 2000). E17 embryos 
showed no staining so the barrier was complete before birth. 
Also, 2-d-old normal mice stayed uniformly white, indicat- 
ing complete barrier formation (unpublished data; Hard- 
man et al., 1998). However, 2-d-old null mice showed nu- 
merous dark spots, indicating localized Joss of barrier 
function (Fig. 8 A). These lesions were not left-right sym- 
metric, indicating that environmental factors contributed to 
their formation. 

Histology of stained spots showed that formation and re- 
pair of the lesions could be viewed as sequential events. Early 
lesions appear in the subcorneal region of epidermis as local- 
ized accumulations of neutrophils (Fig. 8, B and C). Such 
lesions bear a striking resemblance to those found in the sub- 
corneal pustular dermatosis form of IgA pemphigus (Fig. 8 
B compared with Fig. 1 c in Hashimoto et al., 1997). Next, 
the epidermis is degraded by inflammatory cells and partially 
detaches from the undedying matrix (Fig. 8. D and E), al- 
lowing penetration of dye (Fig. 8 A). Concurrendy, epithe- 
lial cell migration into the wound site is initiated (Fig. 8 E). 
Finally, when wound healing is complete the damaged epi- 
dermis detaches from the underlying tissue, leaving behind 
an intact newly formed barrier (Fig. 8 F). 

To quantify Joss of barrier function, body skin from 
2-d-old animals was used for determination of permeability 
constants (Kp) to water and mannitol, a marker for paracel- 
lular permeability (Fig. 8 G). Values for Kp were signifi- 
cantly higher {p < 0.05) for null animals. The null skin Kp 
for mannitol was twice thac for normal skin, and permeabil- 
ity to water was increased 1.6-fold (Fig. 8 G). These results 
indicate that absence of Dscl causes a defect in the skin har- 
rier. 

To examine trnnscpidermnl water loss (TEWL), measure- 
ments were performed on 25 wild -type and 29 null pups. 
These gave values of 5.2 mg/h and 6.3 mg/h, respectively. 
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Figure 7. Absence of Dscl weakens adhesion in 
upper epidermis despite the presence of u I tra struc- 
ture tly normal desmosomes. (A) Epidermis from a 
2-d-old null mouse showing hyperplasia and 
acantholysis. The granular layer appears to be scparat- 
ir^ from the upper spinous layer. (B) Epidermis 
isolated from a 2-d-old Dsc/ -/ ~-nuH nx>use after 
treatment with EDTA showing that the tissue 
fragments allow only small pieces of epidermis to be 
separated from the dermis. (C) Epidermis isolated 
using the same technique from a normal littermate. 
(D> Ultrastructure of outer layers of epidermis from a 
normal mouse showing desmosomes (arrowsX (E) 
Ultrastructure of outer layers of epidermis from a 
Dscl-nul! mouse with desmosomes (arrows) of a 
normal appearance. (F) Ultrastructune of lesional 
epithelium in a Dscl-null mouse showing splitting 
between cells and an absence of cell lysis. Arrows 
indicate possible remains of split desmosomes. All 
samples were from back skin. Bars: (A) 20 u.m; 



(D and E) 1 u.m; (F) 2 jim. 




Thus, TEWL for null mice was ~1 .2-fold greater than for 
wild-type controls (p - 0.02). 

Dsc1-null mice develop alopecia and chronic dermatitis 

The coats of adult null mice had a d ighdy untidy ruffled ap- 
pearance (Fig. 9 A). Their pelage hairs were indistinguish- 
able from those of normal littermates with similar distribu- 
tions of awls, auchencs, zig-zags, and guard hairs, and 
whiskers appeared normal. In later life (usually manifesting 
at between 1 and 2 mo), >90% of null mice suffered hair 
loss and skin ulceration (Fig. 9, B and C). Hair loss was 
most common ventrally (Fig, 9 B), but some individuals had 
bald patches on the back, and two mice showed more gen- 
eral hair loss. Ulceration was most common around the 
muzzle (Fig. 9 C) but was also found elsewhere on the head, 
ventrally, or on the back. Muzzle lesions appeared between 6 
wk and 6 mo, and affected mice were killed. Mice that were 
caged alone developed the same phenotype. 

To investigate the mechanism of hair loss, we examined hair 
follicles at various stages of the hair cyde. No striking abnor- 
malities were found at 5 (first anagen), 18 (catagen), 21 (telo- 
gen), and 28 d (second anagen). Tape stripping of the coats 
detached no more hairs from null than from norma] mice, in- 
dicating that hairs were firmly anchored in null follicles. 

In older animals, severe epidermal and follicular hyperpla- 
sia was observed in ulcerated areas of skin (Fig. 9 Q and oc- 
casionally in un involved skin. In hyperplastic epidermis, 
substantial thickening of the stratum corneum (hyperkerato- 
sis) was observed (Fig. 9, D and E). Normally differentiated 
hair foil ides were absent and replaced by large comedo-like 
malformations (utrlculi) and cysts (Fig. 9, D and F). Such 



st ructu res characterist ically result from d is i n teg ration of hai r 
follicles, suggesting that the observed alopecia is a result of 
hyperplasia and loss of normal hair follicle morphology. In 
some ulcerated regions, the epidermis was lost completely 
(Fig. 9 E). Severe inflammation and tissue necrosis were also 
observed. The most striking examples of focal overgrowth of 
keratin ocytes were found in both apparently normal and ul- 
cerated whisker pads, which showed a marked papilloma- 
tous nature (Fig. 9, G compared with H) with hyperkerato- 
sis and parakeratosis. No evidence of malignant conversion 
was found. Dsc Y-null mice were diagnosed as suffering from 
chronic dermatitis. 

Discussion 

Deletion of Dscl has two consequences for epidermis. First, 
weakened adhesion gives rise to epidermal fragility and acan- 
tholysis. In early life, this produces a striking localized loss of 
barrier function and skin flaking. In older mice, substantial 
ulceration occurs. Second, epidermal differentiation is ab- 
normal, manifested as epidermal hyperproliferation and 
thickening, an upregulation of keratin 6 and 16 expression, 
and localized hyperkeratosis and parakeratosis. 

Absence of Dscl did not result in any alteration in the 
structure of desmosomes in the upper epidermis, but acan- 
tholysis indicates that they are more weakly adhesive dian in 
normal mice, presumably relying on other Dscs for their 
structure and adhesion. However, there was also no apparent 
alee rati on in the expression of other desmosomnl compo- 
nents, a result similar to that found in DsgJ *~ mice (Koch 
et al., 1997). Thus, although rhe expression of the glycopro- 



S2S The louriul of Cell Biology | Volume 155, Nuntier 5, 2001 



F igure 8. Dscl -null mice have skin barrier defects. 
(A) Localized breaches in the skin barrier allow 
penetration of dye into the epidermis of a nut! mouse 
but not its normal I i Herniate, which was completely 
white, that is, unstained (unpublished data). (B and C) 
Early lesions in the skin of 2-d-old nit I! mice showing 
infiltration of epidermis with polymorphonuclear cells 
(neutrophils). (D) More developed lesion in 2-d 
epidermis showing epidermal degradation and 
detachment from the underlying dermis. (E) Higher 
magnification si towing epithelial cell migration from 
intact tissue into wound site. (F) Healed lesion in the 
epidermis of a 2-d-old null mouse. The damaged 
epidermis has completely detached from the underly- 
ing healed tissue Arrowheads indicate polymorpho- 
nuclear cells. (C) Measurement of permeability 
coefficients (Kp) for water and mannitol under passive 
conditions show that skin from 2-d-old nut I mice is 
more permeable to both water and solutes tp < 0.05 
in both cases) than that of a normal littermate 
Nu, null; No, normal. Bars: (8, C, and E) 25 um; 
(D and F) 1 00 um 
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tein genes has been postulated to be linked (North et al., 
1996; King et aJ., 1997) two examples of gene deletion have 
not resulted in compensatory up regulation of other family 
members. 

The acantholysis in the upper epidermis in Dscl~ f ~ resem- 
bles diat seen in the human autoimmune blistering disease 
pemphigus foliceus (PF) (Mahoney et al., 1999), reflecting the 
similar epidermal expression patterns of Dsc I and the PF anti- 
gen Dsgl. In PF, acantholysis results from binding of IgG au- 
toantibody to die extracellular domain of Dsgl. There is no 
evidence for die involvement of antibodies to Dscl in PF. Sub- 
sequently, die localized acantholytic lesions in Dscl~ { ~ mice 
became infiltrated with polymorphonuclear cells (neutrophils). 
The lesions are reminiscent of those seen in the human subcor- 
neal form of IgA pemphigus in which IgA autoantibodies to 
Dsc 1 bind to the peripheries of epidermal kerarinocytes (Hash- 
imoto et al., 1997). No evidence for the pathogenicity of these 
antibodies has yet emerged. Whether the resemblance between 
the lesions is coincidental or has significance for the etiology of 
igA pemphigus awaits clarification. 



Although the acantholytic lesions appear similar, those in 
young Dscl~*~ mice do not progress. In the human diseases, 
red encrusted lesions are characteristic of PF and red pustu- 
lar blisters are characteristic of IgA pemphigus, yet the epi- 
dermis of the mice remain unblemished apart from the ap- 
pearance of white flakes. We suggest that skin lesions in 
young mice are triggered by local acantholysis but do not 
progress because wound healing is rapid. Reepithelialization 
of wounds takes ^50% longer in 6-8-wk-old mice than in 
neonatal mice (Whitby and Ferguson, 1991). This differ- 
ence in the rate of wound healing can account for the differ- 
ence in severity between the lesions of neonatal mice and 
older mice. The environmental insults experienced by older 
animals are more severe than in young mice during suckling. 
Repeated insults, especially scratching, give rise to lesions in 
the epidermis that cannot be healed as rapidly as in neonatal 
animals. Exacerbation of lesions leads to ulceration and 
chronic dermatitis, which in this case is a proliferative re- 
sponse of the epidermis to damage. Similar lesions have been 
found in Dsg3 ~'~ mice (Amagai et al., 2000). 
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Figure 9. Phenotype of Osc1 -null mice increases in seventy with age. (A) Scruffy and untidy coat appearance in an adult null mouse (bottom) 
compared with a normal littermate (top). Mice shown are 21-d-old (day of weaning). Note that the null mouse is smaller. (B) Alopecia in an adult 
null mouse showing the most typical pattern observed Some ulceration on the ventral surface of the head and neck is visible also. (Q Snout 
ulceration in an adult null mouse showing a moderately severe example of the pattern found in all null animals and commencing after 1 mo of age. 
(D) Hyperplastic epidermis from the ventral surface of an adult null mouse showing acanthosis, hyperkeratosis with utriculi (ut), and cysts (cy). (E) 
Ulcerated skin from the abdomen of an adult Dsc1 ~*~ mouse showing complete loss of epidermis from the site of the ulcer and severe inflammation. 
The right hand margin of the ulcer is indicated by an arrow. At this low magnification, the presence of inflammatory cells is indicated by the dermal 
basophilia of this region. (F) Higher magnification of a utricule (uQ and a cyst (cy). (C) Whisker pad of an adult normal mouse, vf, vibrissa foil ide. (H) 
Whisker pad of an adult null mouse. Severe hyperplasia is present in the null as indicated by the increased number of epidermal cell layers. 
Approximate thickness of epidermis indicated by bars (ep) in C and H. Bars (D, E, and C) 1 50 jim; (F) 25 urn 



Epidermal barrier function is compromised in neonatal 
Dscl~ f ~ mice. The defect appears to arise as a consequence 
of localized acantho lysis and thus does not imply a direct 
role for Dscl in barrier formation, although we cannot com- 
pletely exclude the possibility of a slight, more generalized 
defect. The effect is clearly mild and not life threatening. 
However, the slight reduction in epidermal harrier function 
and increase in water loss may cause stress to null mice and 
result in growth retardation. Area measurements of water 
and mannitol permeability and TEWL indicate a decrease in 
barrier function of less than twofold. A fourfold increase in 
TEWL is not lethal in mice transgenic for COOH- termi- 
nally truncated loricrin (Suga et al., 2000). By contrast, a 
targeted mutation in the keratin 10 gene results in an eight- 
fold increase in TEWL and neonatal death (Jensen ct al., 
2000). Mice deficient in the cornificd envelope proteins in- 
volucrin and loricrin exhibit no neonatal barrier defect, al- 
though the latter show delayed barrier formation before 



birth (Dijan et al., 2000; Koch et al., 2000). Therefore, 
these mice are affected less severely than D$cl~ l ~ mice. 

Clear evidence for hyperproliferation and epidermal 
thickening was found in DscJ~ f ~ mice. Hyperproliferation 
may be a response to damage to the skin barrier. Underlying 
cells can sense defects in cells above and respond by prolifer- 
ating in several experimental situations. Disruption of the 
barrier elicits DNA synthesis and epidermal hyperplasia 
(Proksch ct al., 1991; Denda et al., 1998), and expression of 
the whn gene and NH r terminally truncated Dsg3 in supra- 
basal layers of transgenic mouse epidermis leads to both hy- 
perproliferation and an immune response (Allen et al., 1 996; 
Prowsc et al., 1999). However, the major barrier defect in 
Did' 1 ' mice is localized, whereas the hyperproliferation 
and epidermal thickening is not. Thus, it seems likely that 
alterations in the program of keratinocyte terminal differen- 
tiation occur in the absence of Dscl . Two pieces of evidence 
support this view. First, proliferating keratin ocytes were 
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found in suprabasa] layers of null epidermis, and second, 
parakeratosis was found, suggesting that the later stages of 
differentiation are delayed. Furthermore, there is evidence to 
suggest that expression of K6 and K16 in interfollicular epi- 
dermis is associated widi alterations in differentiation rather 
than hyperproliferation (Schenner et aL, 1989; Sellhayer et 
al., 1993; Porter et al, 1998b). However, the whole 'ques- 
tion of whether the effects we observe are a prima ry conse- 
quence of loss of Dscl or a secondary consequence of aean- 
tholysis and wound healing is a complex one that will form 
the subject of further investigation. 

Epidermal hyperproliferation may suggest a resemblance 
to the common human skin disease psoriasis. However, the 
changes in differentiation and skin inflammation arc less se- 
vere than in psoriasis, and other features, such as loss of the 
granular layer, formation of deep rece pegs, and dilation of 
dermal blood vessels* are absent. 

Hair loss in Dscl'*' mice differs from that in Dsg3-null 
animals. In the latter, hair loss occurs in wave-like patterns 
as the result of defective cell adhesion in the tclogen phase of 
the hair cycle (Koch et al., 1 998). Dscl is expressed in inner 
cell layers of the hair follicle (Chidgey et aL, 1997; King et 
al., 1997), but despite extensive examination we found no 
abnormalities in timing of the hair cycle or in structure of 
hair follicles in Dscl''' mice of up to 4 wk of age. Hair loss 
occurred generally in older animals and was often associated 
with loss of normal hair follicle morphology and the pres- 
ence of comedo-like structures (utriculi) and dermal cysts. 
Such structures characteristically result from hair follicle de- 
generation (Montagna et al., 1952; Mann, 1971; Panteleyev 
et al., 1998). Further work will be required to determine 
whether hair follicle degeneration is an indirect consequence 
of the hyperprol iterative and inflammatory environment or 
whether Dscl has a role in the maintenance of normal folli- 
cle morphology. 

In conclusion, the phenotype of D$el~*~ mice demon- 
strates a role for this desmosomal glycoprotein in kerati- 
nocyte adhesion in the upper epidermis and in the normal 
function of the skin. Furthermore, our data suggest that 
Dscl contributes to the regulation of epidermal differentia- 
tion, and Dsc}~'~ mice may prove useful in determining the 
role of desmosomes in skin disease. 

Materials and methods 

Isolation and characterization of the mouse Dsd gene 
Mouse 129SVJ AFixli (Stratagene) and PAC (RPCI21; UK HGMP Resource 
Centre) genomic libraries were screened with overlapping fragments of the 
mouse Dscl cDNA. Two unique nonover lapping X clones (XO and A CM) 
and one PAC clone (364c 17) were characterised in detail. Intron sizes 
were determined by generating PCR products using synthetic oligonucle- 
otide primers based on flanking exon sequences derived from the Dscl 
cDNA sequence (King et al, 1 996). Exorviraron boundaries were deter- 
mined by DNA sequencing and comparison with cDNA sequence. 

Construction of a targeting vector and generation of 
Dscl -null mice 

To construct a targpiing vector, a Pvull fragment from xC1 , comprising 2.1 
kh of DNA 5" of the Dscl initiation codon, was cloned upstream of a neo- 
mycin resistance gene under the control of a pltosplwglycerate kinase pro- 
moter (Fig. 2 Ai. A 5.2-kb Nott (from the xfixll vector) to Hindlll fragment 
from xOl, containing exons 2-5 of Dscl. was cloned downstream of the 
neo gene. Voctor DNA was linearized and electroporated into £S cells. 
Neomycin-resistant clones were isolated and screened by Southern blot 



analysis using 8amH I -digested genomic DNA and a probe 0 fcb). which 
hybridized to DNA 5' to the homologous sequences used in the targeting 
vector (fig. 2 A). One recombinant ES cell clone was injected into C57BI? 
6J blastocysts, and (lie resulting chimeric male offspring were ma red with 
female C57BI/6J mice. Tail DNA from agouti offspring was tested for the 
presence of the mutated allele by Soutliem blot hybridization. Heterozy- 
gous mice were intercrossed to obtain mice, which were homozygous for 
the DscJ-null allele. 

RT-PCR 

Newborn (2-d-old) mice were killed, and tlieir skin was removed and im- 
mersed in 5 mM EOT A in PBS for 3 mi n at SCTC The epidermis was peeled 
from the dermis, homogenized In Trizol reagent, and total RNA was pre- 
pared according to the manufacturer's instructions (Life Technologies). 
First strand cDNA synthesis was performed from RNA using a kit (Roche) 
and random primers. An aliquot (1 pJ) of the first strand cDNA reaction 
was amplified using primers P1 (AC C CAGC ACCTTCTCT AACCAG) and 
P2 (AAG CCTCTT T G T Cf ACTCCTGG ), specific for exons 1 and 5, respec- 
tively, and P3 (GGTCCATTTCCACAACACATT) and P4 (TGTACTTCA- 
G ACGAGTGT C T A) , specific (or exons 4 and 7, respectively. Clyceralde- 
hyde-3-phosphate dehydrogenase primers (CLONTECH Laboratories, Inc.) 
were added to PCR reactions as a positive control. 

Western blotting 

Epidermis was isolated from 2-d-old mice as above and dissolved in sam- 
ple buffer. Proteins were separated by SDS-polyacrylamide gel electro- 
phoresis and transferred to polyvinylidene di fluoride membrane (Amcr- 
sham Pharmacia Biotech). Primary antibodies were JCMC (1:10,000) 
against Dscl (North et al., 1996), JB1 (1:500) against Dsc2 (Hyam, J.LM., 
personal communication), rabbit anti-mouse Dsc3 (1:100; unpublished 
data; Liu, K., and D. Marshall, personal communication), DC3.10 (1:100) 
against Dsgl+2 (Progen), mouse anti-human PG (1:5,000; Transduction 
Laboratories), and 11-5F (1:40) against DP (Raffish et al., 1987). Primary 
antibodies were detected using appropriate peroxidase-conjugated sec- 
ondary antibodies and the ECL detection system (Amersham Pharmacia 
Biotech). 

Histological and immunochemical analysis 

For histological analysis, tissues were fixed routinely in formol saline, em- 
bedded in paraffin, and stained with hematoxylin and eosin. Cell prolifera- 
tion was examined in paraffin sections by staining for Ki67 (Gerties et a I., 
1984). Expression of desmosomal constituents and differentiation markers 
were examined in frozen sections. Tissue was embedded in cryoprotectant 
(CO; Miles), frozen in liquid nitrogen, and cryosections fixed in ice-cold 
methanol (5 mirt). Primary antibodies were JCMC (1:500), PAT-C (1:10) 
against Dsc2 (Messent et aL, 2000), DG3.10 (1:50), PG-11E4 (1:100) 
against PC (Zymed Laboratories), 1 1-5F (1:25), MK1 (1:2,500) against ker- 
atin 1 (Covance), MK6 (1:2,500) against keratin 6 (Covance), MK1 4 (1 :20,000) 
against keratin 14 (Covance), RPmK1 6 (1 :500) against keratin 16 (Porter et 
al., 1998a), rat anti-mouse integrin (10 ji^ml; Pharmingen), PCD-1 (10 
ligfml) against P-caar»erin (R&D Systems), rabbit antiinvolucrin (1:100; 
Covance), and rabbit antifilaggrin (1:1,000; Covance). Primary antibodies 
were detected with the appropriate FITC-conjugated secondary antibodies. 
Sections were examined using an Olympus BX49 microscope. 

EM 

Fresh skin was dissected into small pieces (~1 X 1 x 0.5 mm) and fixed 
by immersion in 2% formaldehyde (freshly made from paraformaldehyde 
powder) plus 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 
7.3). Tissues were fixed for 2 h at room temperature and then washed four 
times with cacodylate buffer. They were then post-fixed with 1% osmium 
(etroxide for 2 h, dehydrated through an ethanol series, and embedded in 
Spurns resin. Ultra thin sections were contrasted with uranyt acetate and 
lead citrate and examined on a Philips 400 electron microscope. 

Analysis of skin barrier function 

Dye penetration assays. These were performed as described by Hardman et 
al. (1 998) and Marshall et aL (2000). 

Passive diffusion of salutes. Samples of mouse back skin were clamped in 
continuous flow-through perfusion chambers. J H v O (5 u.Ci/ml) and 
|"C]manriitol tO.l nCi/ml) were added to the donor compartment, ami 
PBS M ml/h) was passed across the connective tissue side and collected 
hourly for up to 1 8 h Samples were counted in a Beckman LS 6000 liquid 
scintilla (ion counter, and a steady -state [jermeabifiiy constant I'Kpj was de- 
termined in units of cm/min iHealy et al., 2000; Selvat .itnHin et al., 2001). 
Experiments were perfomied ai 32*0 
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TEWL. This was determined using a Tewaroeter (Courage and Khazaka). 
After decapitation or halothane anesthesia, a probe (1 cm diameter) was 
applied to die back of 2-d-old animals, and measurements of l-min dura- 
tion were taken. 

Comified envelope preparation 

Epidermis from 2-d-okJ mice (see above) was heated to 95*C for 10 min In 
extraction buffer (0.1 M Tris-Hd, pH 8.5, 2% SDS, 20 mM dithiothrertol, 
and 5 mM EDTA), and the corniftcd envelopes were collected by centrifu- 
gation at 5,000 g (or 1 5 min. The extraction was repeated once, and the 
envelopes were resuspended and stored in extraction buffer. 
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Summary 

The function of the dathrin coat in synaptic vesicle 
endocytosis is assisted by a variety of accessory fac- 
tors, among which amphiphysin (amphiphysin 1 and 2) 
is one of the best characterized. A putative endocytic 
function of amphiphysin was supported by dominant- 
negative interference studies. We have now generated 
amphiphysin 1 knockout mice and found that lack of 
amphiphysin 1 causes a parallel dramatic reduction 
of amphiphysin 2 selectively in brain. Cell-free assem- 
bly of endocytic protein scaffolds is defective in mu- 
tant brain extracts. Knockout mice exhibit defects in 
synaptic vesicle recycling that are unmasked by stimu- 
lation and suggest impairments at multiple stages of 
the cycle. These defects correlate with increased mor- 
tality due to rare irreversible seizures and with major 
learning deficits, suggesting a critical role of amphi- 
physin for higher brain functions. 

Introduction 

Neurotransmission relies on a tightly regulated balance 
between synaptic vesicle exocytosts and endocytosis 
to maintain a pool of functional synaptic vesicles. A 
major pathway through which synaptic vesicle mem- 
branes can be recycled is clalhrin -mediated endocyto- 
sis (Cremona and De Camilli, 1997; B rod in et at., 2000). 
Following depolarization -mediated synaptic vesicle fu- 
sion at active zones, membrane retrieval occurs either 
by the formation of individual clathrin-coated vesicles 
or by bulk invagination of the plasmalemma to generate 
endosome-like structures from which clathrin-coated 
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vesicles originate. Once clathrin-coated vesicles have 
pinched off, they rapidly shed their coat and are directed 
back to the cluster of synaptic vesicles, from where 
they can be mobilized for subsequent rounds of release. 
Recently, a variety of accessory factors thought to assist 
the clathrirt coat in its function have been identified. 
These include proteins that affect membrane dynamics 
by direct physical interaction, lipid metabolizing en- 
zymes, regulatory components of the act in cytoskele- 
ton, signaling proteins, and adaptor proteins that link 
these factors to each other and to the clathrin coat 
(reviewed in Marsh and McMahon, 1999; Owen and 
Luzio, 2000; Slepnev and De Camilli, 2000). 

In nerve terminals, clathrin -mediated endocytosis oc- 
curs at sites that are spatially segregated from sites of 
exocytosis (Heuser and Reese, 1973; Gad et at, 1998; 
Teng and Wilkinson, 2000). These endocytic zones form 
a belt around the active zones of secretion and are 
regions where components of the endocytic machinery 
are concentrated (Roos and Kelly, 1 999). They are also 
enriched in actin (Gad et al., 2000; Dunaevsky and Con- 
nor, 2000), consistent with evidence that several clathrin 
accessory factors may be components of protein scaf- 
folds that regulate the actin cytoskeleton (reviewed in 
Geli and Riezman, 1998; Qua! man n et at., 2000; Slepnev 
and De Camilli, 2000). For instance, the GTPase dy- 
namin, which plays a critical role in frsston, also interacts 
with actin binding proteins and may affect actin dynam- 
ics at the synapse through these interactions (Witke et 
al., 1998; Qualmann et al., 1999; McNiven et al., 2000; 
Ochoa et at., 2000). The polyphosphoinositide phospha- 
tase synaptojanin 1 hydroryzes a pool of phosphatidyl- 
inositol-4,5--bisphosphate [PIKQPJ that participates 
both in clathrin coat recruitment and in actin polymeriza- 
tion at endocytic zones in nerve terminals (Cremona et 
al., 1999; Gad et al., 2000; Harris et al., 2000). Syndapin/ 
pacsin and DAP1 60/intersectin, which bind dynamin 1 
and synaptojanin 1, are also involved in actin function 
via an interaction with regulatory components (WASP 
and Cdc42, respectively) of the Arp2/3 actin nucleating 
complex (Roos and Kelly, 1998; Qualmann et al., 1999; 
Modregger et al, 2000; Hussain et al., 2001; Wasiak et 
al., 2001). 

One of the best characterized clathrin accessory fac- 
tors is amphiphysin (reviewed in Wigge and McMahon, 
1 998). The amphiphysin protein family is conserved from 
yeast to man and has a three domain structure (see 
Figure 3A): an NH 2 -terminal BAR (Bin-Am ph iphysin -Rvs) 
domain (Elliott et al., 1999), which mediates binding to 
acidic phospholipids (Takei et al., 1 999; Farsad et al., 
2001 ) and homo/heterodimerization (Wigge et al., 1 997a; 
Slepnev et al., 1998; Ramjaun et al., 1999), a central 
. variable domain, and a COOH-terminal Src homology 3 
(SH3) domain that interacts with dynamin 1 and synapto- 
janin 1 (David et al., 1996; McPherson et al., 1996). Two 
isoforms of amphiphysin, amphiphysin 1 and 2, are ex- 
pressed in mammals. Amphiphysin 1 is primarily ex- 
pressed in brain and isthe dominant target of autoimmu- 
nity in human paraneoplastic Stiff-man syndrome (De 
Camilli et al., 1993). Amphiphysin 2 is more widely ex- 
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pressed as alternatively spliced isoforms, with the high- 
est levels found in brain and striated muscle (Butler et 
at. f 1997; Leprince et aL, 1997; Ramjaun et aL, 1997; 
Wechsler-Reya et aL, 1997; Wigge et aL, 1997a). The 
predominant neuronal isoforms of amphiphysin 2 form 
heterodimers with amphiphysin 1 and the heterodimer 
is concentrated in nerve terminals (Wigge et al., 1 997a; 
Ramjaun et al., 1997), where it is localized in the presyn- 
aptic cytomatrix and is further enriched on coated endo- 
cytic intermediates (Bauerfeind et al, 1997). Both com- 
ponents of this heterodimer contain in their central 
region binding sites for ctathrin and AP-2 (McMahon et 
al., 1997; Ramjaun and McPherson, 1998; Slepnev et 
at, 2000), while the muscle tsoform of amphiphysin 2 
lacks the clathrin and AP-2 binding sites, suggesting 
functions for these isoforms independent of the clathrin 
coat Similarly, Drosophita amphiphysin lacks clathrin 
coat binding sites (Razzaq et al., 2000; Leventis et al., 
2001). Additional proteins that contain a BAR domain, 
but are otherwise different from amphiphysin in their 
domain structure, are expressed in mammals and other 
organisms (Crouzet et al., 1991; Ge and Prendergast, 
2000; Routhier et aL, 2001). 

A function for amphiphysin in synaptic vesicle endo- 
cytosis is supported by several lines of evidence in addi- 
tion to its localization and biochemical interaction with 
other endocytic proteins. Expression or microinjection 
of amphiphysin fragments that compete for the binding 
of this protein to any of its major partners, such as 
dynamin, AP-2, and clathrin, strongly inhibits clathrin- 
mediated endocytosis, possibly by titrating out these 
factors, thus demonstrating that these interactions can 
occur in vivo (Shupliakov et aL, 1 997; Wigge et al., 1 997b; 
Slepnev et al., 2000). More importantly, presynaptic mi- 
croinjection of peptides that bind the SH3 domain of 
amphiphysin, and therefore compete its SH3-dependent 
interactions, also severely impair synaptic vesicle endo- 
cytosis (Shupliakov et al., 1 997). The interaction of am- 
phiphysin with dynamin affects dynamin 's enzymatic 
activity and oljgomeric state (Wigge et aL, 1 997a; Owen 
et al., 1998; Takei et aL, 1999)k Furthermore, the interac- 
tion of amphiphysin with dynamin and other endocytic 
partners in enhanced by nerve terminal depolarization 
via Ca^-dependent ^phosphorylation, when a burst 
of endocytic activity is needed (Bauerfeind et al., 1 997; 
Slepnev et al., 1998). Finally, amphiphysin binds and 
deforms lipid bilayers and may, therefore, facilitate 
membrane deformations that accompany vesicle bud- 
ding (Takei et aL, 1999; Farsad et al., 2001). 

Additional evidence for a role of amphiphysin in endo- 
cytosis comes from studies in Saccaromyces cerevisiae. 
In this organism, the homolog of amphiphysin, Rvs167, 
forms a heterodimer with Rvs161 — a protein that com- 
prises a BAR domain only (Crouzet et al., 1 991 ; Lombardi 
and Riezman, 2001). Although neither gene is essential, 
mutations in either one of them produce endocytic de- 
fects that correlate with a disruption of the act in cy- 
toskeleton (Sivadon et aL, 1995). Collectively, these ob- 
servations suggest that amphiphysin may have an 
important role in the physiology of endocytic zones of 
synapses. It may act as a multifunctional adaptor that 
links cytosolic proteins to the membranes and coordi- 
nates the function of ctathrin coat proteins, other acces- 
sory factors, and the act in cytoskeleton. 

In this study, we have used a genetic approach to 



investigate the role of amphiphysin in synaptic physiol- 
ogy. We have generated mice that lack the expression 
of amphiphysin 1 and, as an unexpected consequence, 
also tack brain amphiphysin 2. These mice exhibit syn- 
aptic vesicle recycling defects that are compatible with 
the basic function of the nervous system. However, the 
mice are prone to seizures, which dramatically decrease 
their viability, and exhibit severe learning deficits- 
Results 

Inactivation of the Amphiphysin 1 Gene 
and Resulting Loss of Both Amphiphysin 

1 and 2 in Brain 

The amphiphysin 1 gene was disrupted by insertion of 
a gene encoding a selection marker (neo cassette) in 
the first coding exon (Figure 1A). The occurrence of 
correct recombination events was confirmed by South- 
em blot analysts of ES cells and F2 mice (Figure 1B). 
Homozygous mutant animals were bom, and their geno- 
types had normal men deli an distribution, revealing lack 
of embryonic lethality. 1 1 hey did not exhibit any obvious 
anatomical or histological changes and appeared to de- 
velop and reproduce normally, although they displayed 
an increased mortality rate after reaching adulthood (see 
below). The expression of the amphiphysin 1 protein 
was completely abolished in homozygous mutant ani- 
mals, as shown by Western blotting analysis of brain 
extracts using a panel of poty- and monoclonal antibod- 
ies directed against either the COOH- or the NHj-termi- 
nal region of amphiphysin 1 (Figure 1 C and data not 
shown; see also Figure 2B). 

Interestingly, Western blot analysts revealed that ex- 
pression of amphiphysin 2 was also nearly abolished in 
the brain of amphiphysin 1 -deficient animals (Figure 1 C), 
regardless of the developmental stage of mutant ani- 
mals (data not shown). No change in the expression level 
of a variety of other synaptic proteins was observed, 
including the major interacting partners of amphiphysin 
such as dynamin 1, synaptojanin 1, clathrin, and the 
clathrin adaptor AP-2. Levels of intrinsic membrane pro- 
teins of synaptic vesicles were also unchanged (Figure 
1C and data not shown). The parallel disappearance of 
amphiphysin 1 and 2 was confirmed by immunofluores- 
cence staining of brain frozen sections (data not shown) 
and of cortical neurons in culture (Figure 1D). While 
amphiphysin 1 and 2 colocalize with the synaptic marker 
synaptophysin in wild-type neurons, the immunoreactiv- 
rty for both proteins, but not for synaptophysin, is absent 
in knockout neurons (Figure 1D and data not shown). 
By Northern blot analysis expression levels of the 2.2 
kb transcript encoding amphiphysin 2 were comparable 
in wild-type and knockout brain (Figure 2A), suggesting 
that transcriptional mechanisms do not account for the 
downregulation of amphiphysin 2 in mutant brain. In 
skeletal muscle, where a shorter isoform of amphiphysin 

2 is expressed and where amphiphysin 1 is undetectable 
(Figure 2B and see also Butler et a!., 1997; Wigge et aL, 
1 997a), amphiphysin 2 protein levels were not affected 
(Figure 2B). These data suggest that amphiphysin 1 is 
required for the stability of amphiphysin 2 only in neu- 
rons, where the two isoforms are primarily found as 
heterodimers and colocalize accordingly (Figure 2C; see 
also Ramjaun et al., 1997; Wigge et al., 1997a; Slepnev 
etaL, 1998). 
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Figure 1 . Generation of Amphiphysin 1 Knockout Mice and Downrogulation of Amphiphysin 2 Expression 

(A) Schematic diagram showing the amphiphysin 1 gene focus, the targeting vector, and the mutant allele following homologous recombination. 
The neo cassette substitutes part of the first coding axon and part of the following Intron. The EcoRV restriction sites and the probe used 
for the Southern blot analysis are indicated. 

(B) Southern blot of EcoRV-digestad genomic DNA from wild-type (+/+) and heterozygous {+/-) ES cell clones and from wild-type (+/+), 
heterozygous {+/-), and homozygous mutant mice (-/-) of the F2 generation. 

(C) Western blot of brain extracts from wild- type and knockout mice with antibodies directed against either amphiphysin 1 or 2 or several 
other synaptic proteins, including major interacting partners of amphiphysin 1 (HC, heavy chain). The knockout extract contains no amphiphysin 
1 and drastically reduced levels of amphiphysin 2. 

(D) Double immunofluorescence of primary cultures of cortical neurons prepared from the brain of wild-type and knockout mice. Sections 
were stained for either amphiphysin 1 or 2 (amph) and counters tai nod for the presynaptic marker synaptophysm (syn). Lack of amphiphysin 
1 expression correlates with toss of amphiphysin 2 tmmunoreactivity in knockout neurons. Residua] immunoreactrvity found in the nucleus 
may represent a nuclear pool of amphiphysin 2 (Wechster-Reya et aL, 1997). Scale bar = 15 ^m. 



Defective CeP-Free Assembly of Endocytic 
Protein Complexes In Brain Extracts 
of Amphiphysin 1 Knockout Mice 
The properties of the amphiphysin 1 /2 heterodimer to 
bind and deform lipid bilayers (Takei et aL, 1999) and 
to interact with several endocytic proteins (Figure 3A; 
see also Wigge and McMahon, 1998) suggest that it 
functions as a multifunctional adaptor at the membrane. 
We tested this putative function of amphiphysin by de- 



termining in cell-free reactions whether the formation 
of complexes among these proteins, or between these 
proteins and lipid bilayers, was affected by the lack of 
the amphiphysin 1/2 heterodimers from brain cytosol. 
Liposomes composed of total brain lipids were incu- 
bated with cytosol from wild-type and mutant brain in 
the presence of nucleotides (Cremona et al. ( 1999; Gad 
et al. f 2000). Proteins bound to membranes were then 
isolated by ultracentrif Ligation and analyzed by quantita- 
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Figure 2. Selective Loss of Amphiphysin 2 in Brain where Amphiphysin 1 and 2 Form Heterodimers and CoiocaRzo 

(A) Northern blot analysis showing normal levels of amphiphysin 2 mRNA in knockout brain. Actin mRNA was used as a control for loading. 
mRNA tevoJs wore quantified by phosp ho Imaging, and amphiphysin 2 mRNA levels were normalized to those of actin mRNA (n = 2). 

(B) Western blot analysis of brain and skeletal musde extracts from wild-type and knockout mice using anti-amphtphystn 1 and anti-amp htphysin 
2 antibodies. While amphiphysin 1 is only detected in brain, amphiphysin 2 te expressed at high levels In both brain and skeletal musde, but 
as isoforms of different molecular weight In mutant mice, the down regulation of amphiphysin 2 expression levels occurs selectively in brain. 

(C) Double immunofluorescence of cultured cortical neurons from wild-type mice showing precise co localization of amphiphysin 1 with 
amphiphysin 2 at synaptic sites. Inset higher magnification. 



tive immunoblotting along with proteins in the starting 
cytosols. While levels of all proteins examined were the 
same in the starting cytosol (data not shown), the recov- 
ery of clathrin (heavy chain) and AP-2 (a-adaptin) in 
the "bound** fraction was reduced by 40% and 25%, 
respectively, in mutant extract relative to wild-type ex- 
tract (Figures 3B and 3C). A 40% decrease in the recov- 
ery of the polyphosphoinositide phosphatase synapto- 
janin 1 was also observed. Accordingly, incubation of 
the pelleted liposomes in the presence of "P-labeled 
ATP after the binding reaction resulted in an increased 
level of P 2 P]-PI(4 f 5)P 2f most likely reflecting altered 
Pl(4,5)p2 turnover due to decreased synaptojanin 1 -medi- 
ated PI(4,5)P 2 hydrolysis (Figure 3D). The recovery of 
dy namin 1 in the "bound" fraction of liposomes was not 
affected by the lack of amphiphysin 1 (Figure 3B and 
3C). This observation most likely reflects, at least in part, 
the direct binding of dynamin to lipid membranes via 
both its pleckstrin homology (PH) domain and the re- 



cently identified additional lipid binding site (Burger et 
ah, 2000). As it was shown previously, although amphi- 
physin does not enhance dynamin recruitment to lipo- 
somes, it affects the morphology and the properties of 
dynamin oligomers at the surface of liposomes (Takei 
et aU 1999). 

We further investigated the potential adaptor function 
of amphiphysin in the assembly of endocytic proteins 
in brain, by performing affinity chromatography of a de- 
tergent brain extract from wild-type and knockout mice 
on the COOH-terminal proline-rtch tail of dynamin 1 
(GST-PRD)^ Le., the amphiphysin binding domain of dy- 
namin. The use of wild-type extracts for these experi- 
ments leads to the affinity purification not only of amphi- 
physin 1 and 2 and other direct interactors of dynamin *s 
tail, such as endophilin and intersectin, but also of 
clathrin and AP-2 (Figure 3A; see also Slepnev et at, 
1998). Immunoblotting of the affinity-purified materia! 
revealed a reduction in AP-2 («-adaptin) and clathrin 
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Figure 3. Evidence for a Role of Amphiphysin 
as an Adaptor Protein In the Recruitment of 
Cytosoltc Endocytic Complexes 
(A) Schematic drawing depicting the struc- 
ture of amphiphysin 1 and its interactors. 
(B and C) Recovery ot endocytic proteins on 
liposomes following their incubation with 
brain cytosol from wild-type and knockout 
mice in the presence of ATP and GTP. Repre- 
sentative Western blots are shown In (B), and 
a quantification by phospho imaging of re- 
sults from three experiments b shown In (C). 
Mote the absence of amphiphysin 1 and 
the selective decrease of clathrtn, AP-2 
(a-adaptin subunit), and synaptojanin 1 In the 
"bound* material from knockout animate. 

(D) Quantification of **P incorporation into 
PI(4,5)P t (n liposomes that were first Incu- 
bated with brain cytosol in the presence of 
GTP and cold ATP, washed, and subse- 
quently incubated with [7*^] ATP. Decreased 
recovery of synaptojanin 1 tn membranes 
shown in (6) and (C) correlates with increased 
labeling of Pt<4,5)P,. 

(E) Western Wot analysis of a representative 
affinity chromatography experiment from 
wild-type and mutant brain extracts on GST 
alone, or GST fused to the profine-rich do- 
mam (PRO) of dynamin 1. The first two lanes 
show starting materia! from both genotypes. 
Mock affinity purifications (lack of extract) aro 
included as indicated. The knockout brain ex- 
tract used for the last lane was supplemented 
with recombinant amphiphysin 1 at physio- 
logical concentration. The PRO of dynamin 
affinity purifies less ctathrin and AP-2 from 
knockout cytosol and exogenous amphiphy- 
sin 1 rescues the effect- 
Values tn (C) and (D) denote means ± SO. 
The p value from a Student's t test anatysts 
is indicated 



binding, but not in that of endophiiin and intersectin, 
when brain extracts from knockout animals were used 
(Figure 3E), consistent with a bridging function of amphi- 
physin. This decrease was rescued by the addition to 
the knockout extract of recombinant amphiphysin 1 at 
physiological concentration prior to affinity purification. 
Collectively, these results provide strong evidence for 
a role of amphiphysin in the assembly of endocytic com- 
plexes at the membrane. 

Decreased Stimulus-Dependent Labeling 
of Synaptic Vesicles Following a "Pulse" 
Incubation with an Endocytic Tracer 
In spite of the biochemical results described above, no 
obvious uftrastructural differences were observed by 
electron microscopy in synapses of wild-type and mu- 
tant neurons both in brain tissue or in cultures. No accu- 
mulation of endocytic intermediates was observed in 
mutant synapses and the number of synaptic vesicles 
per synapse was the same in the two genotypes (data 
not shown). To assess the possible occurrence of syn- 
aptic vesicle recycling defects that could be unmasked 
by stimulation, we used two distinct and complementary 
approaches. 

First, we performed experiments on cerebral . cortex 



synaptosomes. This preparation allows for the analysis 
of exo- and endocytosts on a global synaptic population, 
thus avoiding possible bias due to uneven neuronal 
sampling. Furthermore, synaptosomes, in contrast to 
neuronal cultures (see below), reflect the properties of 
synapses in the adult brain. Using a well established 
fluorimetry -based glutamate release assay (Nicholls and 
Sihra, 1986), we found no difference in the kinetics or 
amount of glutamate release between wild-type and 
knockout synaptosomes upon high K + stimulation, 
which points to a normal exocyttc function in knockout 
synapses (Figures 4A and 4B). Fluorescent amphipathic 
styryl dyes were then used to study synaptic vesicle 
recycling. We employed FM2-10 for these experiments, 
because it has the fastest "off rate" among commonly 
used styryl dyes and was shown to give a good signal- 
to-noise ratio in synaptosomes (Cousin and Robinson, 
1998; Marks and McMahon, 1998; Cousin and Robinson, 
. 2000). We started by determining the ability of synapto- 
somes to internalize the dye into vesicular compart- 
ments in a stimulation-dependent fashion. Briefly, syn- 
aptosomes were preincubated with FM2-10 and 
depolarized for 90 s by the addition of high K + in the 
continued presence of dye. Then, after a brief wash, 
synaptosomes were hypotonically lysed, subjected to 
low-speed centrifugation, and the fluorescence trapped 
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Figure 4. Normal Glutamate Release but Defective Recycling of FM2-10 in Knockout Mice 

(A) Fluori metric tracings of wtW-typo and knockout synaptosomes showing comparable Ca* 4 -dependent glutamate release for both genotypes 
after stimulation with 30 mM KCL 

(B) Quantification of total glutamats release after stimulation with 30 mM KO for 8 min. 

(C) Recovery of FM2-10 in a low speed supernatant of tysed synaptosomes after a first round of stimulation with 30 mM KCI in the presence 
of dye. The amount of dye trapped in this fraction (endosomes and small vesicles) was smaller in mutant synaptosomes. 

Values in (B) and (C) denote means ± SEM (n - 3). The p value from a Student's t test analysis is Indicated. 

(D) Ruo rime trie tracing of wild- typo and knockout synaptosomes showing high K*-dependant unloading of FM2-1 0 following a first round of 
stimulation in the presence of dye and a 10 min incubation in dye-free low K+ to allow for recycling of the dye into the releasabJe vesicle 
pool A tracing showing dye unloading of wild-type synaptosomes In the presence of 2 mM EQTA b also shown. 



within membranous organelles of the supernatant, which 
include primarily endosomes and small vesicles, was 
measured by fluorimetry. This assay revealed a 40% 
decrease in the depolarization-dependent internaliza- 
tion of dye in knockout synaptosomes, compared to 
wild-type synaptosomes (Figure 4Q. In the next series 
of experiments, synaptosomes were stimulated for 90 s 
in the presence of dye, further incubated for 10 min in 
dye-free medium to allow for chasing of the dye into 
releasabie synaptic vesicles, and finally exposed to a 
second high K 4 incubation to induce exocytotic release 
of the dye. Under these assay conditions, knockout 
synaptosomes released significantly less FM2-10 than 
wild-type synaptosomes (Figure 4D), suggesting that 
synaptic vesicle recycling efficiency is also reduced in 
amphiphysin 1 deficient nerve terminals. 

Second, we used electron microscopy in combination 
with the fluid-phase uptake of the endocytic marker 
horseradish peroxidase (HRP) to monitor formation of 
endocytic intermediates in cultured cortical neurons 
(Heuser and Reese, 1973). Neurons were grown in cul- 
ture for at least 2 weeks to allow for the formation of 
numerous synaptic contacts (see Figure 1 D). They were 
then preincu bated with HRP for 3 min, stimulated with 
high IC for 90 s (or mock-incubated in low K + ) in the 
continued presence of the tracer, fixed, and processed 
for electron microscopy analysis. High K~ stimulation 
produced a significant increase in the HRP labeling of 



synaptic vesicles and endosomal structures as ex- 
pected (Figure 5A). However, morphometric analysis in- 
dicated that the fraction of HRP-labeled synaptic vesi- 
cles and en do some-like structures was significantly 
reduced in knockout synapses relative to wild-type after 
stimulation, demonstrating the occurrence of a recycling 
defect in knockout animals (Figures 5B and 5C). No 
statistical difference in the number of labeled organelles 
was found under resting conditions (Figures 5B and 5C). 

Smaller Recycling Vesicle Pool Size, Slower 
Destaining Kinetics, and Delayed Vesicle 
Repriming in Mutant Nerve Terminals 
The reduced stimulus-dependent dye uptake into vesic- 
ular compartments described above could be explained 
by a delayed endocytic uptake of the tracers but also by 
a smaller size of the recycling pool of synaptic vesicles. 
Although the number of vesicles per synapse appears 
to be normal, the functional recycling pool could be 
smaller. To determine the possible contribution of a 
smaller functional recycling vesicle pool and to validate 
the results described above with a more physiological 
stimulus, we performed styryl dye uptake and release 
studies in paired cortical cultures from wild-type and 
mutant animals using action potential trains of variable 
duration at 20 Hz. Cultures were first exposed to an 
initial dye-staining step with FM1-43 using a variable 
number (x) of action potentials (where x ranges from 20 
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Figure 5. Decreased Labeling of Synaptic 
Vesicles and Endosome-ltke Structures after 
a "Puts*" Incubation with the Fluid Phase 
Tracer HRP in Synapses of Mutant Cortical 
Neurons in Culture 

(A) Electron micrograph of wild-type synapse 
stimulated with 90 mM KCI for 90 s In the 
presence of tracer. A fraction of synaptic ves- 
icles is labeled by HRP (arrowsheads). HRP- 
labeled objects defined as endosorne-tike 
structures are indicated by arrows. Scale 
bar - 100 nm. 

(B) Morp ho metric analysts indicating the per- 
centage of total small vesicles that are la- 
beled by HRP. The stimulation-dependent in- 
crease in the labeling of synaptic vesicles Is 
greater for wild-type synapses than for 
knockout synapses. 

(C) Percentage of HRP-labeted endosomal 
structures over total number of objects (small 
vesicles plus labeled endosomal structures). 
Even in this case, the stimulation-dependent 
increase in the labeling of endosomes is less 
pronounced hi the case of mutant synapses. 
Values denote means ± SEM, and p values 
according to AN OVA are indicated. 



to 800) followed by an additional 90 s incubation in the 
continued presence of the dye in order to label endocytic 
vesicles whose formation lags behind the interruption 
of the stimulus. Then, after a 10 min washing period to 
allow for the chasing of the dye into the releasable pool 
vesicles, internalized dye was released by a stimulus 
protocol previously shown to result in maximal destag- 
ing (Ryan, 1999). The amount of released dye gives an 
estimate of the dye taken up in the staining period and 
thus an estimate of the fraction of synaptic vesicles 
that underwent exocytosis during a particular action 
potential stimulus in the dye-loading step. 

The total amount of dye uptake with different number 
of action potentials was normalized to the uptake at 600 
action potentials in wild-type terminals and plotted as 
a function of action potential numbers (Figure 6A). As 
expected, there was clearly an increase in the size of 
the vesicle pool that is mobilized with a longer stimulus 
train in both wild-type and knockout cultures. However, 
the recycling vesicle pool was 25%-*30% smaller in the 
knockout cultures compared to the wild-type cultures 
over the entire range of action potential stimuli. 

The experiments described in Figure 6A, which 
showed a smaller total recycling vesicle pool size in 
knockout cultures, also allowed us to determine whether 
there was a difference in the fraction of the recycling 
pool that is engaged by a given duration of action poten- 



tial train in knockout cultures. To this aim, each of the 
FM1-43 uptake values from Figure 6A was normalized 
to the uptake at 600 action potentials for both wild-type 
and knockout cultures. Comparison of the two sets of 
values revealed a statistically significant defect in the 
fractional pool of vesicles mobilized at intermediate AP 
stimuli in knockout synapses. The fractional pool mobi- 
lized at 200 and 300 AP was 0.61 ± 0.02 and 0.74 ± 
0.02 for wild-type cultures (n - 265 boutons, three ex- 
periments) and 0.54 ± 0.01 and 0.61 ± 0.02 for knockout 
cultures (n ~ 288 boutons, three experiments). 

We also measured the destaining kinetics of synaptic 
terminals loaded with FM1 -43 during a 600 action poten- 
tial stimulus. A delay in the delivery of newly internalized 
vesicles to the releasable vesicle pool would be re- 
flected in a greater time constant for dye release. Onset 
of the stimulus was associated with a decline in fluores- 
cence in both wild-type and knockout synaptic terminals 
(Figure 6B). The decline in fluorescence was identical 
until 1 00 action potentials, the fifth time point measured. 
However, at later time points (>200 action potentials), 
there was a statistically significant delay in the destain- 
ing kinetics of knockout terminals relative to wild-type 
terminals. The time constant of destaining was 17.6 i 
0.6 s in wild-type compared to 21 .1 t 0.5 s in knockout 
terminals (p < 0.02, n = 3). 

The slower destaining kinetics of FM1 -43-loaded syn- 
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B Figure 6. Detects In Synaptic Vesicle Dy- 

namics Revealed by FM1-43 Studies in Syn- 
10H^^^^^ apses of Knockout Mice 

(A) Measurement of synaptic vesicle func- 
■ WT tional pool size in response to action potential 

l g _o_ ko (AP) trains of variable duration at 20 Hz. Corth 

■jjo 0 cal cultures were first loaded with FM1-43 

**°coo q during a train of APs (abscissa), then, after a 

1 0 mtn wash-out period, they were subjected 
"* to two rounds of AP trains at 20 Hz {separated 

by a 2 min rest period) to ensure complete 
dye release. The total amount of dye released 
during the destaining period gives an esti- 
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during the same period. Values of FM1-43 



'-^jr'^^"""" uptake at different AP stimuli tor both wild- 

%f $~ type and mutant synapses were normalized 

to the uptake at GOO APs in wild-type syn- 
.flLEIHlfL— apses, ^tant cultures have a smaller vesicle 

^ A J k-ai->j ; 20 Hz pool size. The total FM1-43 uptake at 600 

AP stimuli was 3969 ± 73 (a.uj in wild- type 

• # cultures (n — 635 boutons, five experiments) 

y compared to 2867 ± 45 (a.u) in knockout 
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15 30 45 GO ~ 120 130 cultures (n = 725 boutons, six experiments). 

At (sec) statistically significant at p < 0.00 1 , Student's 

V ' t test 

(B) Fo Bowing FM1-43 loading with 600 APs 

at 10 Hz. the time course of destaining differs between wild- type and mutant nerve terminals. Destaining of knockout synapses tags behind 
wild-type. Comparable results were obtained in six other experiments. 

(C) Time course of vesicle reprinting. The inset shows the experimental protocol. Nerve terminals were stimulated, during a 5 s exposure to 
FM1-43, by a train of action potentials at 20 Hz that exceeded the period of dye exposure by an amount of time At The resulting dye uptake 
was measured during a subsequent destaining stimulus at 20 Hz after a 10 min rest The dye uptake at At - Os (FJ represents the total 
number of releasabte vesicles engaged by the stimulus. The dye uptake measured in runs where At > 0s (F*) provides an estimate of vesicle 
depletion, due to fusion of reprimed vesicles, during the additional action potential stimulation after dye washout The data points represents 
the fraction depleted (F« - F A /FJ as a function of At The data are from a total of 80-165 boutons for each time point in both wfld-type and 
knockout cultures. Error bars are ± SEM. 



aptic terminals could be due to a delay in repriming 
time, defined as the time that elapses before newly en- 
docytosed vesicles become available for a new round 
of release (Ryan and Smith, 1995). We tested this hy- 
pothesis by directly measuring the repriming time 
course in cultured cortical neurons (Figure 6C). Nerve 
terminals were loaded with FM1 -43 for a fixed period of 
5 s, during a train of action potentials at 20 Hz that 
exceeded the period of dye exposure by an amount 
of time At (inset in Figure 6C). The total fluorescence 
incorporated into vesicles was measured 10 min later 
using a maximal destaining stimulus (F At ). These data 
were normalized to the average fluorescence in brack- 
eted control and recovery runs, when the stimulation 
was terminated at exactly the same time as the washout 
of dye {AX = 0, Fo). The ratio (F 0 - F d /F 0 ) represents the 
fraction of the fluorescence that was depleted during 
the additional period of stimulation and reflects the time 
course of gain in rerelease-competence of recently en- 
docytosed vesicles. Any delay in the endocytic journey 
of the vesicle will prolong this time. Results of such 
analyses show that both wild-type and amphiphysin 
1 -deficient nerve terminals released about 80% of the 
endocytosed vesicles in the next 1 20 s of continuous 
stimulation. However, mutant nerve terminals showed 
a significant delay in dye depletion compared to wild- 
type terminals (at At = 1 5 s, wild-type was 60% depleted 
compared to 20% in knockout cultures, p < 0.001). The 
time to deplete 40% of dye taken up was 12 s in the 



wild-type terminals compared to 17 s in the knockout 
cultures. Thus, a delay in repriming of vesicles may at 
least partially account for the slower destaining kinetics 
observed in knockout cultures (Figure 6B). 

Collectively, these results demonstrate the occur- 
rence of complex recycling defects in amphiphysin 
knockout terminals, which range from a decreased func- 
tional recycling pool size to delayed recycling and re- 
priming rates. 

Reduced Viability and Increased Susceptibility 
to Seizures in Amphiphysin 1 Knockout Mice 
Given the cell biological defects described above at 
synapses of knockout animals, we further investigated 
changes at the organismal level. A significant decrease 
tn survival rate was observed in the amphiphysin 1 
knockout colony, such that only 50% of the animals 
survived to 10 months of age, as compared with 95% 
for wild-type mice (Figure 7A). Animals were found dead, 
mainly between 2 and 5 months of age, with no previous 
decrease in body weight or other noticeable health prob- 
lems. To document what appeared to be sudden death, 
continuous digital camera monitoring of a small group 
of animals was performed. This approach revealed the 
occurrence of rare spontaneous seizures. Death re- 
sulted from seizures that reached a tonic extension and 
failed to resolve. Such an observation suggested that 
amphiphysin 1 knockout mice may exhibit a lower 
threshold to seizures compared to wild-type animals. 
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Figure 7. Amphrphy3in 1 Knockout Mice Exhibit Increased Mortality 
and a Higher Propensity to Seizures 

(A) Survival curves showing reduced viability of knockout mouse 
colonies at adult age. Animals die from rare irreversible seizures. 

(B) Time (latency) required for wild-type and knockout mice to de- 
velop three phases of op&epsy after repeated Intraperitoneal Injec- 
tions of pentarnethylenetetrazole (motrazol), an epileptogenic 
GABA* receptor antagonist. No difference is observed for the first 
phase (first twitch), but amphiphysin 1 knockout mice progress sig- 
nificantly faster to the hyperkinetic tonic-ctonic phase and finally to 
tonic extension and death. Values denote means ± SEM (n = 7 for 
wild-type; n = 10 for knockout). P values from a Student's t test 
analysis are indicated. 



To test this hypothesis, we investigated the response 
of the animals to intraperitoneal injectionsof pentarneth- 
ylenetetrazole (metrazol), an epileptogenic GABA A re- 
ceptor antagonist (Tecott et at, 1995). Increasing blood 
levels of the drug results in a series of well-defined 
responses that start with intermittent body twitches, 
leading to hyperkinetic tonic -clonic seizures and finally 
to a tonic extension and death. Whereas the time lag to 
the first neurological symptoms (first twitch) was com- 
parable in both genotypes, knockout mice progressed 
significantly faster to the next two phases (tonic-ctonic 
and tonic extension, respectively), demonstrating an in- 
creased propensity to seizures (Figure 7B). 

Amphiphysin 1 Knockout Mice Exhibit 
Cognitive Defects 

Considering the synaptic vesicle recycling defects re- 
vealed by our studies, the lack of impairment in nervous 
tissue function, besides occasional seizures, was puz- 
zling. Behavioral tests were therefore performed to as- 



sess higher brain function. We first examined the spatial 
learning ability of amphiphysin 1 knockout mice using 
the Morris water maze task (Morris, 1989). Mice were 
trained on a task in which they searched for a hidden 
submerged platform in order to escape from water, us- 
ing visual cues from the environment The escape la- 
tency, recorded over several sessions, revealed a pro- 
gressive improvement of the performance in all animals. 
However, a striking learning deficit in the mutant animals 
was detected (Figure 8A). After training in the hidden 
platform test, the transfer test in which mice were al- 
lowed to swim freely for 60 s following removal of the 
platform, was performed. A measurement of quadrant 
occupancy revealed that wild-type mice spent signifi- 
cantly more time in the quadrant where the platform had 
been originally located, whereas mutant mice did not 
(Figure 8C). Moreover, crossings of amphiphysin 1 
knockout mice over the original platform location were 
significantly lower compared to wild -type animals (Fig- 
ure 8D). No difference in path length was observed be- 
tween the two genotypes (Figure 8E), indicating that 
swimming ability is not impaired in knockout mice. To 
rule out any differences in visual acuity, locomotor activ- 
ity, or motivation, mice were trained on a visible platform 
test, in which the platform was placed above the surface 
of the water with a prominent "flag 1 * attached to it The 
escape latency was recorded over the course of 4 days. 
During this tone, the performance of mice from both 
genotypes improved, although less dramatically in the 
case of mutant mice (Figure SB), These results strongly 
suggest that amphiphysin 1 knockout mice exhibit defi- 
cits in teaming that may not be only restricted to spatial 
teaming. 

To assess whether other forms of learning are im- 
paired in mutant mice, we performed a fear-conditioning 
test (Pay lor et at, 1994), which measures an amygdala- 
dependent form of associative emotional learning (re- 
viewed in LeDoux, 2000). In this paradigm, an innocuous 
conditioned stimulus (tone) elicits fear response after 
being associatively paired with an aversive uncondi- 
tioned stimulus (footshock). The fear response is mea- 
sured by the frequency of freezing behaviors, which is 
defined as a stereotyped motionless crouching posture. 
Amphiphysin 1 knockout mice exhibited very mild fear 
responses in both the context test and the auditory cue 
test compared to their wild-type Irttermates. In contrast, 
the fear response generated by a novel context was 
comparable for both genotypes (Figure 8F). As a control, 
nociceptive reactions to footshocks were also investi- 
gated for both genotypes and were found to be compa- 
rable (data not shown}. Altogether, our data indicate 
that amphiphysin 1 knockout mice exhibit major learning 
deficits, which are not restricted to spatial learning def- 
icits. 

Discussion 

The results of this study show that in mammals amphi- 
physin function is required for efficient synaptic vesicle 
recycling. The data further demonstrate that a partial 
impairment of this process, and possibly of other mem- 
brane recycling pathways at the synapse, is compatible 
with the basic operation of the nervous system, although 
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Figure 8. Amphiphysin 1 Knockout Mice Exhibit Learning Deficits in the Morris Water Maze Task (A-E) and in the Fear Conditioning Task (F) 
5- to 7-month-oW wild-type or knockout animals were used. All values denote means ± SEM. 

(A) Learning curve indicating the time required to reach the hidden platform over seven days (n = 18 for each genotype). Statistical analysis 
was performed by two-way ANOVA for repeated measures. 

(B) Latency to find the visible platform over the course of four sessions. 

(C-E) Transfer test performance after the acquisition trials of the hidden platform task. 

(C) Bars represent the time spent in the four quadrants (target, adjacent 1, adjacent 2, and opposite). Wild-type animals spent significantly 
more time in the quadrant that originally contained the platform than in each of the other quadrants. This was not the case for knockout 
animals. 

(D) Number of crosses over the area that originally contained the platform during the transfer test were significantly lower for knockout animals 
relative to wild-type. P values from Mann-Whitney U-test are indicated. 

(E) Path length (cm) during the transfer test No statistical difference was observed between the two genotypes. 

(F) Freezing responses in the fear conditioning test (n - 9 for each genotype}. Amphiphysin 1 knockout mice exhibited significantly less 
freezing behavior than wild-type mice tn both the context test and the auditory cue test Comparable responses to altered context were 
observed for both genotypes. Statistical analysis was performed according to Student's t test, and p values are indicated. 



it is associated with decreased viability and with defects 
in higher brain function. 

At the molecular level, a striking consequence of the 
lack of amphiphysin 1 expression in brain was the nearly 
complete disappearance of amphiphysin 2. Since levels 
of amphiphysin 2 mRNA are unchanged in the brain of 
mutant mice, this phenomenon is likely to result from 
decreased stability of amphiphysin 2 and is consistent 



with the reported occurrence of amphiphysin 1 and 2 
primarily as stable heterocfimers in brain (Wigge et af., 
1997a; Ramjaun et al., 1997; Slepnev et al., 1998). No 
downregulation of amphiphysin 2 occurs in skeletal 
muscle where this protein is normally expressed at very 
high levels without amphiphysin 1 (Butler et al., 1997). 
It remains to be determined whether the stability of this 
skeletal muscle isoform, which differs from the major 



Amphiphyein and Synaptic Vesicle Recycling 



brain amphiphysin 2 isoform (Butler et a), f 1 997), is ac- 
counted for by its greater intrinsic resistance to proteo- 
lytic degradation or different proteolytic machinery in 
muscle, by heterodimerization with another BAR do- 
main-containing protein, or by its localization in a sub- 
cellular compartment which protects it from high 
turnover. 

The property to form dinners, which resides in the BAR 
domain, is a conserved feature in the amphiphysin family 
of proteins, since it also applies to yeast Rvs1 67, which 
heterodimerizes with Rvs161 (Navarro et at, 1997; Lom- 
bard! and Riezman, 2001). Furthermore, deletion of ei- 
ther the RVS167 or the RVS161 gene leads to a signifi- 
cant decrease in the half-life of the protein encoded 
by the other gene. Interestingly, overexpression of the 
Rvs161 protein in the RVS167 knockout strain aggra- 
vates, ratherthan rescues the abnormal phenotype, indi- 
cating that the stotchiometry of interaction between re- 
lated amphiphysin isofbrms is a critical parameter for 
their function (VVtgge et at, 1997a; Lombard) and Riez- 
man, 2001). 

Our biochemical results strongly support the hypothe- 
sis that one of the functions of brain amphiphysin is 
to act as a multifunctional adaptor connecting various 
cytosolic components of the endocytic machinery to 
each other and to the lipid bilayer (Takei et aL, 1999). 
They suggest that amphiphysin may contribute to the 
recruitment of clathrin, AP-2, and synaptojanin 1 to the 
membrane. Moreover, although binding of dynamin to 
lipid bilayers was not dependent upon amphiphysin un- 
der our in vitro conditions, affinity purification experi- 
ments on the praline-rich tail of dynamin demonstrated 
that amphiphysin can indeed act as a bridge between 
clathrin coat components and dynamin. Thus, amphi- 
physin may help to coordinate the function of all these 
proteins at the membrane. Furthermore, the direct bind- 
ing of dynamin to membrane in situ may undergo regula- 
tion, and a contribution of amphiphysin to dynamin re- 
cruitment in vivo cannot be ruled out. 

The defects revealed by our cell-free approaches did 
not correlate with obvious morphological changes in 
mutant synapses. However, changes in the efficiency 
of synaptic vesicle recycling were demonstrated by a 
variety of physiological approaches after synapse stimu- 
lation. These include decreased uptake of extracellular 
tracers into small vesicles after an endocytic labeling 
pulse and a slower recycling time as demonstrated by 
a delay in styryt dye unloading, both during a prolonged 
stimulus (minimum repriming time) and after recovery 
from a stimulus (destaining kinetics). Consistent changes 
were observed both in synaptosomes and in synapses 
of cultured cortical neurons. Based on FM1-43 experi- 
ments in cultured neurons, the pool size of recycGng 
synaptic vesicles also appeared to be smaller. This find- 
ing cannot merely be accounted for by a difference in 
the number of synaptic vesicles per synapse, based on 
both biochemical (comparable levels of synaptic pro- 
teins in brain homogenates) and rnorphometric results. 
Thus, the lack of amphiphystn seems to affect several 
stages of recycling. It seems likely, that although the 
kinetics of endocytosis is not perturbed (data not 
shown), the fate of vesicles endocytosed in the absence 
of amphiphysin is altered such that capacity for subse- 
quent reuse of synaptic vesicles is diminished. This 



could arise for example if amphiphysin plays a role in 
mediating the correct sorting of components necessary 
for efficient postendocytic trafficking to the budding 
membrane. Although some data could also be explained 
by the occurrence of a partial defect in exocytosis (for 
example, the delay in dye unloading after stimulation), 
the normal glutamate release observed in synapto- 
somes argues against a significant impairment of this 
process, tt remains possible that the upregulation of 
a putative "kiss-and-run" recycling pathway partially 
compensates for recycling defects in knockout animals 
and contributes to glutamate release stability during 
prolonged stimulation. 

The complex recycling defects may be the results of 
adaptive changes triggered by an endocytic defect 
They may also depend on actions of amphiphysin that 
are linked to its proposed, albeit not yet understood, 
function in actin cytoskeleton dynamics. Such a function 
is suggested by the severe disruption of actin cytoskele- 
ton that is observed in ivs167sa\d tvs 161 yeast mutants, 
in addition to endocytic defects (Sivadon et al., 1995; 
Lombardi and Riezman, 2001). So far, evidence for a 
role for amphiphysin in actin dynamics in mammalian 
cells is only indirect (Mundigl et al., 1998), but the puta- 
tive role in actin function of some of its partners, dynamin 
and synaptojanin, support this possibility (Sakisaka et 
at., 1997; Gad et al., 2000; McNiven et al., 2000). Further- 
more, the occurrence of amphiphysin 2 isoforms that 
lack clathrin and AP-2 binding sites points to functions 
of amphiphysin that are unrelated to the clathrin coat 

Interestingly, acute disruption of amphiphysin func- 
tion at synapses of stimulated giant lamprey axons by 
microinjection either of peptides that bind specifically 
the SH3 domain of amphiphysin (Shupliakov et at, 1 997) 
or of anti-lamprey amphiphysin antibodies (N. Tomilin, 
M. Marcucct, H. Gad, P. Low, V. Slepnev, L Brodin, 
P.D.C., and O. Shupliakov, unpublished data) produce 
more severe vesicle recycling defects than those re- 
ported here. Compensatory changes dependent upon 
the presence of proteins whose function is partially re- 
dundant with that of amphiphysin may explain the tack 
of a dramatic cellular phenotype in neurons of mice that 
develop in the absence of amphiphysin. It is of note that 
an acute antrsense-mediated inhibition of amphiphysin 
1 expression in cultured neurons results in major defects 
of neurite outgrowth (Mundigl et al., 1998), whereas this 
process occurs normally in mutant neurons. A puzzling 
observation is the lack of biochemical evidence for an 
interaction between amphiphysin and dynamin in Dro- 
sophila (Razzaq et al., 2001), where the synaptic dy- 
namin interacting network seems to be at least partially 
different from the corresponding mammalian one (Roos 
and Kelly, 1998). In Drosophila, the single amphiphysin 
gene lacks clathrin and AP-2 binding sites and is abun- 
dantly expressed in skeletal muscle (Razzaq et al., 2001 ). 
Accord ngty, amphiphysin -deficient flies predominantly 
show a muscle phenotype (Razzaq et al., 2001; Zelhof 
et at, 2001). In mammals, the presence of two neuronal 
isoforms of amphiphysin (amphiphysin 1 and the neu- 
ronal form of amphiphysin 2) in brain underlines their 
importance for nervous system function. 

A striking observation is that the subtle vesicle recy- 
cling defects observed in amphiphysin 1 knockout mice 
produce important defects at the organismal levels. 
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While amphiphysin 1 knockout mice develop and repro- 
duce normally, suggesting a basic normal functioning 
of the nervous system, some important neurological and 
behavioral defects were also observed. The death rate 
of mutant animals is significantly increased compared 
to normal Irttermates, in particular during the first few 
months of adulthood. Death was caused by rare irrevers- 
ible seizures and, accordingly, mutant mice have a lower 
threshold to seizures. It was shown that synaptic de- 
pression during high-frequency stimulation occurs 
much faster at excitatory synapses than at inhibitory 
synapses, and this difference may be a critical mecha- 
nism protecting the nervous system from seizures (Ga- 
larreta and Hestrin, 1998; Varela et at, 1999; Kraushaar 
and Jonas, 2000). In turn, the remarkable stability of 
inhibitory synapses during ongoing stimulation is criti- 
cally dependent upon the vesicle cycle, as shown by 
the loss of this stability in synaptojanin 1 knockout mice 
(Cremona et al., 1999; Luthi et al. t 2001). Thus, an in- 
creased susceptibility to seizures is consistent with the 
occurrence of a recycling defect in amphiphysin 1 
knockout mice. 

Another consequence of the lack of amphiphysin is 
a cognitive deficit as defined by a significant impairment 
in learning tasks. Mutant animals exhibited severe learn- 
ing disabilities in the Morris water maze test as well 
as in the fear-conditioning task, which rely on distinct 
neuronal circuitries. Although we cannot rule out that 
subthreshold seizures interfered with these experi- 
ments, it appears unlikely that seizure activity accounted 
for the defects observed. First, other knockout mouse 
models which experience severe seizures, such as syn- 
apsin 1 knockout mice, do not show impaired teaming 
(Silva et al., 1996). Second, we used 5- to 7 -month-old 
animals for our behavioral experiments, and we found 
that in this age category as well as in older animals, 
the death rate drops dramatically compared to younger 
adult animals. Since knockout animals die from seizures, 
we may have selected for our experiments a category 
of animals that is less prone to epilepsy. 

Many mouse models with abnormal function of signal- 
ing pathways show learning deficits (Mayford and Kan- 
del, 1999). A role of amphiphysin in signaling pathways 
cannot be excluded given the strong interconnections 
between endocytosis and signaling (Di Rore and De 
Camilli, 2001; McPherson et al.. 2001). Indeed some 
interactions of amphiphysin with signaling proteins have 
been reported (Kadlec and Pendergast, 1997; Leprince 
et al., 1997). Furthermore, in view of growing evidence 
for a critical role of ctathrin-mediated endocytosis in 
the internalization of postsynaptic receptors (Turrigiano, 
2000; Carroll et al., 2001 ; Kittler et aL, 2000), it is possible 
that postsynaptic vesicle recycling changes may con- 
tribute to the cognitive defects of amphiphysin 1 knock- 
out animals. However, we can at least conclude from our 
study that amphiphysin is indeed an effector in synaptic 
vesicle recycling and in the physiology of endocytic 
zones of mammalian synapses and that a perturbation 
of this function is likely to play a role in the cognitive 
deficits observed in mutant animals. 

Several human conditions involve substantial cogni- 
tive defects that are not associated with major neurolog- 
ical impairments. In most cases, responsible genes have 
not yet been identified. An inherited mental retardation 



syndrome was mapped to the gene encoding a Rab 
GOP-dissociation inhibitor (GDI), a protein that controls 
the Rab cycle, and therefore the vesicle cycle, in nerve 
terminals and possibly also postsynaptically (D'Adamo 
et al., 1 998). The learning defects observed in amphiphy- 
sin 1 knockout mice provide another example of a gene 
which functions in vesicle recycling and whose mutation 
underlies learning defects in a mammalian organism. 
Other human psychiatric conditions may be due to de- 
fects in membrane trafficking at the synapse. 

Experimental Procedures 

Generation of Amphiphysin 1 Knockout Mice 
A XRXII genomic library from 129SV/J mice was screened with 
a 250 bps DNA fragment corresponding to the 5' end of the rat 
amphiphysin 1 cONA. Phage clones containing the first coding axon 
of amphiphysin 1 gene were Isolated and identified. A replacement 
targeting vector was constructed as shown in Figure 1 A. In the 
targeting vector, most of the 3' end of the first coding axon and a 
fragment of the following intron were replaced by the selection 
cassette (neomycin resistance gene under the PGK promoter [neo 
cassette}). The herpes simplex vtrus-1 thymidine kinase gene under 
the PGK promoter (TK cassette) was added at the end of the short 
arm of the construct. Both the neo and the TK cassette have a 
transcription direction that ts the same as the amphtphysm 1 gene. 
The vector was Bneartzed and olectroporated Into embryonic stem 
(ES) ceJl3(1 29/Sv agouti ES cells) that were then selected according 
to standard procedures (Yang et al* 1997). Recombination events 
were identified by Southern blot screening using a PCFt-generated 
probe corresponding to a fragment outside the recombination site 
but Inside the restriction fragment generated by EcoRV digestion 
(Figure 1 A). Chromosomal counting on recombinant ES cat) clones 
was performed before blastocyst microinjection, in order to increase 
the chances of germline tran sm ission. Positive clones were indepen- 
dently micro injected into blastocysts, which were then reimplantod 
into pseudopregnant foster mothers. Several chimeras were gener- 
ated and Independently bred with C57BL/6 mice. Germline transmis- 
sion was achieved, and heterozygous animals were produced. 
Knockout mice were generated by successive breedings and identi- 
fied by Southern blot analysts using the same screening strategy 
as for the identification of recombinant ES ceo clones (Figure 1 B). 
For Northern blot analysis, probes consisting of fufl length amphi- 
physin 2 and actin sequences, respectively, were obtained by PCR 
amplification from a mouse brain cONA library and were labeled by 
random priming. 

Antibodies, ImmunobJotting, and Immunofluorescence 
Brain3 from wild- type and knockout mice were homogenized in a 
- lysis buffer containing 25 mM HEPES (pH 7,4), 1 50 mM KCI, 2 mM 
EGTA supplemented with a cocktail of proteinase inhibitors. Postnu- 
clear supematants {50 jjtg) were processed for SOS-PAGE and im- 
munoblotting using ECL procedures (Amersham Pharmacia Bio- 
tech, inc., Piscataway, NJ). The following antibodies were generated 
In our tab: rabbit antisera to synaptojanin 1 , amphiphysin 1 and 2, 
endophilin 1 , synaptophysin, as well as mouse mAb to amphiphysin 
1 and API 80. Other antibodies are from commercial sources: Bin 1 
(Upstate Biotechnology, Lake Placid, NY), dynamin 1 (Transduction 
Laboratories, Lexington, KT), a-adaptin (Affinity BioReagents, 
Golden, CO), a mouse hybridoma producing antibodies to clathrin 
heavy chain (ATCC, Rockville, MO), and a -tubulin (Sigma, St Louis, 
MO). The mAb to synaptotagmin was a kind gift from Dr. R. Jahn 
(University of Gdttingen, Germany). Immunofluorescence was per- 
formed on 2- to 3- week-old cultures of cortical neurons as previously 
described (Mundigl et al., 1998). 

Biochemical Procedures 

The experiment using Gposomes was performed as previously de- 
scribed {Cremona et al., 1999; Gad etaL, 2000). Quantification was 
performed using a phosphoimaging. For the lipid experiment lipo- 
somes (0.25 mg/ml) were incubated with brain cytosol {0.5 mg/mf) 
for 15 mfn at 37 C in the presence of 2 mM ATP and 0.2 mM GTP. 
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Liposomes were then Isolated by ultracontrifugatlon, washed three 
times, and incubated in the presence of 20 nCi [-y^PjATP for 10 min 
at 37 °C. Lipids were extracted and processed for analysts by thin 
layer chromatography, and the identity of lipids was confirmed by 
high performance liquid chromatography as described previously 
(Cremona et a!., 1999). Using phosphoimaging, counts for PI(4,5)P2 
were normalized to total counts, which mainly included those of 
phosphatidic acid. The affinity chromatography using GST fused to 
the protino-rich region of dynamln was performed as in Stepnev et 
at (1998}, with slight modifications. 16 mg detergent oxtracts from 
wild-type and knockout brains were incubated for 4 hr at 4°C in the 
presence of 0.8 mg GST or GST fused to the proline* rich region of 
human dynamln 1 prebound to 150 yd Sopharose 4B beads (Amor- 
sham Pharmacia Biotech, Inc.. Ptscataway, HJ) in a buffercontaining 
25 mM HEPES (pH 7.4). 150 mM KCI, 1 mM EGTA.1% Triton X-1 00. 
and a cocktail of protease inhibitors. In one experimental condition, 
15 mg knockout extract were supplemented with 30 |tg purified 
recombinant amphiphysin 1 prior to affinity chromatography. Fol- 
lowing fh/e washes with the same buffer, proteins were o luted to 
sample buffer and processed for imrnunoblotting. 

FM2-10 Uptake to Synaptosomes 

Synaptosomes were prepared from four mouse cortices as pre- 
viously described (Marks and McMahon, 1998). For each experi- 
ment, 500 jxg synaptosomes were used. In the "unloading" experi- 
ment, synaptosomes were incubated for 5 min at 37X in low K* 
saline solution prior to transfer to the 1 ml cuvette preheated at 
3TC in a Hitachi F-3010 fluori meter. Synaptosomes were preincu- 
bated for 3 min with FM2-10 (Molecular Probes, lnc. t Eugene, OR) 
at 100 ixM final concentration and stimulated with 30 mM KCI for 
90 a. Synaptosomes were washed twice with 1 ml low K* saline 
solution containing 1 mg/ml BSA, resuspended In low K* buffer, 
and transferred back to the cuvette. Following a 1 0 min incubation, 
a second stimulation with 30 mM KCI was applied, and fluorescence 
was measured at 467/550 rtm as a function of time. In the FM2-10 
Internalization experiment, a similar protocol was used except that 
following the first stimulation with 30 mM KCI and the washes, 
synaptosomes were tysed In a hypotonic solution containing 20 mM 
HEPES (pH 7.4), vortexed for 10 s, supplemented with KCI to 150 
mM final concentration, and centrtfuged for 2 min in a mfcrofuge 
at maximal speed. Fluorescence associated with the supernatant 
containing FM2-1 0 labeled internal membranes, was subsequently 
measured with the fluori meter. Tho gtutamate releaso was per- 
formed as previously described (Nicholb and Sihra, 1886). 

Electron Microscopy and Morphometry of HRP-Labeled 
Cortical Neurons in Culture 

Primary cultures of cortical neurons were prepared according to 
procedures previously described (Banker and Goslin, 1991; Cre- 
mona et a)., 1999). Cells were maintained up to 3 weeks fn Neuroba- 
sal/B27 medium (Life Tec h nologies/G toco- BRL, Gaithersburg, MD) 
at 37°C In a 5% CO x humidified incubator. Neurons were labeled 
with the fluid-phase marker HRP (Sigma. St Louis, MO) at 10 mg/ 
ml for 3 min at 37X before stimulation in a low K* saline solution 
containing 130 mM Nad, 5 mM KCI, 2 mM Cad* 2 mM MgCt„ 25 
mM HEPES (pH 7.33), 30 mM glucose, 10 yJM CNQX, and 50 jlM 
AP-V (Research Biochomicals, Inc., Natick, MA). Neurons were then 
either kept in low K* for another 90 s (•rest") or stimulated for 90 s 
with a solution containing 90 mM KCI and 45 mM NaCI in the pres- 
ence of HRP ("stimulation"). Cells were fixed in 2% giutaraldehyde/ 
2% sucrose in 0.1 M sodium phosphate buffer (pH 7.4) for 2 hr at 
4<C and processed for electron microscopy as described (Cremona 
et at., 1 999). For morphometry, 37-64 synapses were analyzed at a 
final magnification of 63,000 < . For each condition, 2000-4000 ob- 
jects were scored. They Included labeled or unlabeled synaptic vesi- 
cles and ciathrin-coatod vesicles as wo S as labeled endosome-fike 
structures. Endosome-like structures were defined as HRP-labeled 
compartment larger than synaptic vesicles. Statistics were per- 
formed using ANOVA. Results of two independent experiments were 
pooled. 

FM1-43 Uptake and Release En Cultured Cortical Neurons 
Cortical cultures were generated from 1- to 2 -day-old amphiphysin 
1 knockout and wild -type mice. Brains were dissected; cerebral 



cortices were separated from the hippocampus and basal ganglia 
and dissociated using protocols similar to those used forhippocam- 
pal cultures (Ryan, 1999). Con f oca! laser scanning microscopy, elec- 
trical field stimulation, FM1-43 uptake, and release experiments 
wore performed as described {Ryan, 1999) in 2- to 3- week-old cul- 
tures. FM1-43 (Molecular Probes, Eugene, OR) was stored at 4°C 
as 3 mM aliquots and used at a final concentration of 15 yM. 

Metrazol Injection 

12- week-old mice were injected intraperttonoatly with a solution of 
pentamethylenetetrazolo at 15 mg/kg every 5 min until observation 
of tho last phase of seizure. The time required to reach the various 
phases of seizure was recorded. The first twitch was generally de- 
tectable in the ear; the tonic-clonic phase was defined as repeated 
hyperkinetic movements of forotimbs followed by a toss of postural 
control and failing, after which both the forelimbs and hind limbs 
were characterized by clonic movements; the tonic extension phase 
began when animals arched their body and their limbs, after which, 
in most cases, they stopped breathing and died. Seven wild-type 
and ten knockout mice were used for the experiment. Statistics 
were performed using ANOVA. 

Behavioral Paradigms 

The Morris water maze test was performed as described previously 
(Moms, 1989; Wickman et aL. 2000). In total, 18 mice (nine mates, 
nine females) of 5-7 months of age were used for the experiments 
for both wild-type and knockout genotypes. A ckcular white plastic 
tub 1 min in diameter was filled with water (21°-22°C) and divided 
into four quadrants of equal surface. Swim times, path length, and all 
other measurements were made using the Pery- track Video Tracking 
System (San Diego Instruments). For the hidden platform tost, a 10 
cm 1 transparent Ploxiglas platform was submerged 0.5 cm beneath 
the surface and positioned oorratstontry over the course of the test 
Mice were allowed to swim until they encountered the platform or 
for a maximal duration of 60 s, after which they were placed on the 
platform for 15 s. Mice began each of the four daily trials from a 
different quadrant and the time required to find the p l a tfon n was 
recorded and averaged. The intertriaJ interval was 3.5 min. The test 
was performed for 7 consecutive days, always in the afternoon. On 
day 8, the transfer test was performed. Briefly, the platform was 
removed, and mice were allowed to swim for 60 s, starting from the 
center of the pooL The time spent In every quadrant the number 
of entries into the area wham the platform had been originally lo- 
cated, and the swimming distance were measured. On days 9-12, 
in tho visible platform test trials were performed Ike in the hidden 
platform test except that the platform was flagged. 

The fear-conditioning test was performed as described (Paylor et 
at, 1994; Caldarone et al., 2000). In total, nine mice (five males, four 
females) of 5-7 months of age were used for tho export monts for 
both wild-type and knockout genotypes. On the first day of training, 
each mouse was placed in a training chamber and freezing behavior 
was assessed every 10 s. After 2 min, the conditioned stimulus, a 
tone, was applied for 30 s and terminated by a 2 s unconditioned 
stimulus, a footshock of 0.5 mA. This sequence was repeated a 
second time, after which animals wore kept for 30 s in the chamber 
and returned to their original cages. On the second day, animals 
were first tested for contextual fear. Each mouse was placed in the 
training chamber, and freezing behavior was assessed for 5 min in 
the absence of tone. One hour later, animals were tested for their 
fear response to the auditory stimulus. Each mouse was placed In a 
different training chamber and exposed to a smell of orange extract 
During the first 3 min, freezing to altered context was measured, 
after which the tone was continuously presented for another 3 min, 
and freezing behavior to the auditory stimulus was scored. 
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Summary 

The AMPA glutamate receptor (AMPAR) subunits 
GtuR2 and G!uR3 are thought to be important for syn- 
aptic targeting/stabilization of AMPARs and the ex- 
pression of hippocampai long-term depression (LTD). 
In order to address this hypothesis genetically, we 
generated and analyzed knockout mice deficient in 
the expression of both GluR2 and GIuRX We show here 
that the double knockout mice are severely impaired 
in basal synaptic transmission, demonstrating that 
G!uR2/3 are essential to maintain adequate synaptic 
transmission in vivo. However, these mutant mice are 
competent in establishing several forms of long-last- 
ing synaptic changes in the CA1 region of the hippo- 
campus, including LTD, long-term potentiation (LTP), 
depotentiation, and dectepression, indicating the pres- 
ence of GluR2/34ndependent mechanisms of LTD ex- 
pression and suggesting that AMPA receptor GluRI 
alone is capable of various forms of synaptic plasticity. 

Introduction 

AMPA glutamate receptors (AMPARs) are the principle 
mediators of the fast excitatory synaptic transmission 
in the mammalian central nervous system (CNS), and 
they are important for the expression of several forms 
of long-lasting synaptic plasticity, including LTP and 
LTD, extensively studied forms of synaptic plasticity 
thought to be critical to learning and memory (Bliss and 
CoBingridge, 1993; Malenka and Micoll, 1999; Bear and 
Abraham, 1996). In the CA1 region of the hippocampus, 
while the induction of LTP and LTD requires activation 
of NMDA receptors (NMDARs) and the subsequent cal- 
cium influx, the expression mechanisms appear much 
more complex, possibly involving both presynaptic and 
postsynaptic modifications. However, recent studies in- 
dicate that activity-dependent AMPAR insertion and in- 
ternalization at the postsynaptic membrane play a criti- 
cal role in the expression of LTP and LTD, respectively 
(Shi et aL, 1999; 2001; Hayashi et al., 2000; Carroll et 
aL, 1999; 2001 ; Beattie et aL, 2000; Lin et al. v 2000; Man 
et al. T 2000; Wang and Linden, 2000). Thus, regulation 
of AMPAR trafficking may represent a key mechanism 
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for the modification of synaptic efficacy (Luscher et al., 
2000; Malinow and Malenka, 2002) 

AMPARs are heteromeric complexes assembled from 
four distinct subunits GluRI -GluR4 (also referred to as 
GluRArGluRD) encoded by four separate genes (Holl- 
mann and Heinemann, 1994). Several studies suggest 
that these receptor subunits may play distinct roles in 
the regulation of AMPAR trafficking and synaptic plastic- 
ity. For example, the GluRI subunlt is required for 
NMDAR-dependent synaptic delivery of AMPARs, a pro- 
cess thought to be responsible for adding new receptors 
to increase synaptic transmission during LTP (Shi et aL, 
1999; 2001 ; Hayashi et aL, 2000; Passafaro et al., 2001). 
In contrast, the GluR2/3 subunits are thought to be im- 
portant for activity-Bidependent movements of AMPARs, 
a constitutive process thought to be essential for stable 
basal synaptic responses (Shi et aL, 2001 ; Passafaro et 
aL, 2001). Although the molecular mechanisms underly- 
ing these subuntt-spectfic functions are unknown, the 
protein-protein interactions between the AMPAR sub- 
units and adjacent postsynaptic proteins may play an 
important role (see reviews by Barry and Ziff, 2002; Song 
and Huganir, 2002; Sheng and Kim, 2002). 

Ample biochemical studies indicate that the C-ter- 
mtnal tails of the GluR2/3 subunits can selectively inter- 
act with a number of intracellular proteins (e.g„ GRIP1 , 
ABP, NSF, and PICK1) and that these interactions are 
important for targeting and accumulating GtuR2-con- 
taining AMPARs at specific subcellular sites, either at 
the postsynaptic membrane or inside the cell (Dong et 
ai„ 1997; 1999; Nishimune etal.,1 998; Ostenetal., 1998, 
2000; Srivastava et aL, 1998; Song et al., 1998; Dev et 
aL, 1999; Xia et al., 1999; Perez et al., 2001). Consistent 
with these biochemical data, postsynaptic injection of 
synthetic peptides designed to disrupt protein interac- 
tions between QluR2 and AM PAR-interactlng proteins 
causes a rapid and selective change in AMPAR-medi- 
ated synaptic responses (Nishimune et al., 1998; Noel 
et al., 1 999; Luscher et aL, 1 999; Luthi et al., 1 999; Daw 
et al., 2000; Lee et al., 2002). Furthermore, some of these 
peptides or deletions of the C-terminal tail of GluR2 also 
interfere with activity-dependent AMPAR internalization 
and the expression of LTD both in the hippocampus and 
cerebellum (Luscher et al., 1 999; Luthi et al., 1 999; Daw 
et al., 2000; Xia et al., 2000; Lin et al., 2000; Lee et 
aL, 2002). Therefore, it has been hypothesized that the 
expression of hippocampai LTD and AMPAR internaliza- 
tion from the postsynaptic surface involve interactions 
between GluR2/3 and AMPAR-interacting proteins (Kull- 
mann, 1999; Luthi et aL, 1999; Daw et aL, 2000; Xia et 
aL, 2000). 

In this study, we took genetic approaches to address 
the in vivo function of GluR2/3 in synaptic regulation 
by conducting hippocampai slice recordings in three 
genetically manipulated mouse strains. First, as an ex- 
tension to our previous studies (Jia et aL, 1996), we 
analyzed LTD and depotentiation in knockout mice lack- 
ing GluR2 and found that both LTD and depotentiation 
could be established in these mice. Since GluR3 is 
closely related to GluR2 in the protein sequence and in 
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fact GluR3 can interact with a number of GIuR2-inter- 
acting proteins (Braithwaite et al n 2000), we then ex- 
plored the possibility that GluR3 may play a similar role 
in synaptic plasticity by generating and analyzing knock- 
out mice lacking GluR3. We showed that the G!uR3 
knockout mice exhibited normal basal synaptic trans- 
mission and LTD but enhanced LTP, indicating that 
GluR3 was not critical for the expression of LTD. Finally, 
to address the possibility that GiuR2/3 may have redun- 
dant functions, we analyzed double knockout mice lack- 
ing both GluR2 and GluR3. We demonstrated that the 
double knockout mice exhibited a dramatic reduction 
in the mean amplitude of basal synaptic transmission, 
indicating that GluR2/3 are essential to maintain high 
levels of synaptic transmission in vivo. However, in spite 
of a severe reduction in basal synaptic function, the 
double knockout mice were capable of establishing and 
maintaining several forms of long-lasting synaptic 
changes, including LTP, LTD, depotentiation, and dere- 
pression. These results provide genetic evidence for the 
existence of GluR2/3-independent mechanisms for the 
expression of hippocampaJ LTD and depotentiation and 
suggest that the GiuR1 subunit is sufficient for express- 
ing hippocampal synaptic plasticity. 

Results 

Hippocampal LTD and Depotentiation in GluR2 
Knockout Mice 

If GluR2 is important for the expression of hippocampal 
LTD by regulating AMPAR trafficking, one would expect 
that LTD or depotentiation is affected in GluR2 knockout 
mice (Jia et al. v 1 996). To test this possibility, we carried 
out electrophysiological recordings in the CA1 region of 
the hippocampus. Previously, we found no significant 
differences in the degree of LTD of field excitatory post- 
synaptic potential (fEPSPs) between the wild-type and 
the knockout mice in an 129XCD1 genetic background 
(Jia et al., 1996). Since the present study focused on 
GluR3 and GluR2/3 double knockout mice which were 
generated in an 129XC57/BL6 genetic background, we 
therefore backcrossed the GluR2 null mutation into a 
C57/BL6 genetic background and further verified that 
both LTD and depotentiation were present in the ab- 
sence of GluR2. As shown in Figure 1A, no significant 
differences were found in the degree of LTD induced 
by low-frequency stimulation (U=S; 1 Hz lasting 1 5 min) 
between the two groups of mice (79.2 ± 2.3% for 
GluR2 +/ * versus 77.2 ± 4.2% for GluR2 w -, p = 0.66; 
Figure 1A). Although LTP induced by high-frequency 
stimulation (HFS; 100 Hz lasting 1 s) was enhanced in 
GluR2 knockout mice (1 55.3% ± 3.2% for GIuR2 +/+ ver- 
sus 181.6% ± 3.9% forGluR2"'-, p = 0.006), depotentia- 
tion induced by LFS was not significantly altered 
(87.9% = 2^% for GluR2 + ' + versus 76.3% ± 13.5% for 
GIUR2-'-, p = 0.18; Figure 1B). In adult hippocampal 
slices, depotentiation could not be induced by LFS in 
either wild-type or GluR2 knockout mice (Figure 1C). 
These results indicate that GluR2 is not essential for 
the expression of hippocampal LTD or depotentiation. 
However, because GluR3 is closely related to GluR2 in 
the structure and biochemical properties (Hollmann and 
Heinemann, 1994; Braithwaite et al., 2000, Shi et al., 
2001 ) and is expressed in the hippocampus, it is possible 



that the GluR3 subunit is involved in the expression 
of hippocampal LTD. Altemativeiy, GluR3 may have a 
redundant function sufficient to compensate for the loss 
of GluR2 so that LTD and depotentiation can be estab- 
lished in the GluR2 knockout mice. It is also Important 
to note that despite the fact that GluR3 is abundantly 
expressed in many regions of the CNS and that it can 
form functional heteromeric receptors with other AM PA 
receptor subunits, there have been very few studies 
directly focusing on the GluR3 subunit. Therefore, we 
set out to investigate the in vivo function of GluR3 by 
generating and analyzing knockout mice deficient in the 
expression of GIuR3. 

Normal CNS Anatomy and Synaptic Structures 
in GluR3 Knockout Mice 

The GluR3 knockout mice were generated by standard 
homologous recombination techniques using R1 ES line 
(Figures 2A and 2B) (Jia et al., 1996; Nagy et al., 1993). 
The GluR3 gene is X chromosome linked; therefore, only 
one copy is present in the male mice. Since the male 
knockout animals fX _ Y, GluR3") bred poorly, afl experi- 
ments were performed using male offspring (X~Y as 
GluR3 knockout and X + Y tittermate as wild-type control) 
generate d from F1 X+Y (GluR3+) and X+X~ (GluR3*'-) 
breeding. The GiuR3 knockout mice were viable and 
showed no apparent behavioral defi ci ts. Including nor- 
mal locomotor activities, [the whole^brain Ivsate from 
the GIuR3 knockout mice showed no detectable expres- 
sion of GluR3 mRNA, but normal levels of mRNA for 
GluRI and GluR2 (data not shown). Since there are no 
commercially available antibodies specific to the GluR3 
subunit, we generated GluR2/3 double knockout mice 
by crossing the GluR3 knockout mice to GluR2 knockout 
mice. Using antibodies that recognize both GluR2 and 
GluR3, we showed that the double knockout mice had 
no expression of GluR2 or GiuR3 protein, confirming the 
absence of GluR3 protein in the GluR3 knockout mice 
(Figure 2C). The protein levels for other giutamate recep- 
tors and postsynaptic proteins, including GIuR1, GluR2, 
GluR4, NR1, NR2A/B, and CaMKIIa(CKIIa) were not al- 
tered in GluR3 knockout mice (Figure 2C). The GluR3 
knockout mice showed no detectable abnormalities in 
the gross anatomy or synaptic structures of the CNS 
(Figures 2Db and 2Df). 

Normal Basal Synaptic Transmission in QuR3 
Knockout Mice 

To further investigate the effect of GluR3 deletion on 
the properties of synaptic transmission and plasticity, 
we conducted field and whole-cell recordings in the CA1 
region of the hippocampus in the GluR3 knockout mice. 
Analysis of evoked fEPSPs revealed no differences in 
the stimulus intensity/response curve, maximal re- 
sponse, and fEPSP waveform (Figure 3A). The passive 
membrane properties of CA1 pyramidal neurons, includ- 
ing resting membrane potential, input resistance, 
threshold to fire action potential, and its amplitude were 
not altered in GluR3 knockout mice (data not shown). 
Analysis of spontaneous miniature excitatory postsyn- 
aptic cunents(mEPSCs) of CA1 pyramidal neurons also 
showed no differences in the frequency (Figure 3B), am- 
plitude (Figure 3C), and kinetics between the wild-type 
and GluR3 knockout mice. Similarly, evoked EPSCs of 
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Figure 1. Normal Hippocampa) LTD and Do potentiation In GhiR2 Knockout Mice 

(A) LTD induced by LFS (1 Hz stimulation, 15 min) was Indistinguishable between the wild-type and GluR2 knockout mice (12-16 days). 

(B) Depotentiation induced by LFS (1 Hz stimulation, 15 min) after establishment of LTP induced by HFS {100 Hz, Is, upward arrow) showed 
no differences between the wild-type and GtuR2 knockout mice (2-3 weeks). 

(Q Depotentiation could not be induced by LFS in hippocampa) slices from adult animals (2-3 months) of either the wild-type or GluR2 
knockout mice. LTP was enhanced in the knockout mice. 



CA1 pyramidal neurons showed no differences in the 
amplitude, current/voltage relation, and reversal poten- 
tial between these two groups of mice (Figure 3D). These 
results indicate that synaptic targeting and function of 
AMPARs were not significantly disrupted by genetic de- 
letion of GluR3 alone. 

Enhanced LTP but Normal LTD in GluR3 
Knockout Mice 

To examine the role of GtuR3 in the regulation of synaptic 
plasticity, we analyzed LTP and LTD in the CA1 region 
of the hipp campus. While LTD induced by LFS was 



indistinguishable between the wild-type and knockout 
mice (79.1% ± 3.8% for GluR3 + versus 83.7% ± 2.5% 
for GIUR3", p = 0.33; Figure 4B), the magnitude of LTP 
induced by HFS was significantly enhanced in the GiuR3 
knockout mice (128.2% ± 4.5% for GluR3 + versus 
152.5% i 5.0% for GiuR3-, p = 0.0039; Figure 4C). The 
saturated level of LTP induced by multiple HFS trains 
was also enhanced in the knockout mice (162.8% ± 
6.5% for GluR3 + versus 205.2% ± 10*0% for GluR3' f 
p « 0.0073; Figure 40). While LTP was enhanced, depo- 
tentiation after establishment of LTP was not signifi- 
cantly altered in GluR3 knockout mice (85.0% ± 1.4% 
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for GluR3 + versus 82.5% ± 9.2% for GluR3~; Figure 4E). 
NMDAreceptorantagonist DL-APV (100 u,M) completely 
blocked LTP in both the wild-type and knockout mice 
(data not shown). Therefore, the enhanced LTP in the 
GluR3 knockout mice does not involve NMDAR-indepen- 
dent mechanisms. To test whether GluR3 plays a role in 
presynaptic functions, we compared paired-pulse facilita- 
tion and found no differences between the wild-type and 
knockout mice (Figure 4A). Therefore, hippocampal synap- 
tic plasticity can occur in the absence of GluR3. 

Normal Gross CNS and Synaptic Structures 

in GluR2/3 Double Knockout Mice 

To address the possibility that GluR2 and G!uR3 are 

functionally redundant and that only one of them is re- 



quired for the expression of synaptic plasticity, we gen- 
erated and analyzed knockout mice lacking both GluR2 
and GluR3. The double knockout mice (GluR2 w - 
GluTO", males) were bom indistinguishable from the 
wild-type littermates, but during postnatal weeks 2-4 
displayed an increased mortality (approximately 20%- 
30%) and gradual appearance of global abnormalities, 
including smaller body sizes, reduced locomotor activi- 
ties, and severe tremors upon movements. Surprisingly, 
the double knockout mice showed no detectable abnor- 
malities in the gross anatomy of the CMS, including hip- 
pocampus (Figure 2D). In addition, the synaptic struc- 
tures in the CA1 region of the hippocampus appeared 
unchanged in the double knockout mice (Figures 2Dd, 
2Dh t and 2E). There were no significant differences in 
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Figure 3. Normal Basal Synaptic Transmission In G!uR3 Knockout Mice 

(A) fEPSP slopes plotted as a function of stimulus intensity. The distance between the stimulating and recording electrodes was kept constant 
between slices. 

(B) Summary histogram showing the frequency of mEPSCs of CA1 pyramidal neurons recorded under whole-cell voltage damp mode in the 
presence of TTX (1 u.M) and picrotoxin (100 plM). mEPSCs were blocked by AMPA receptor antagonist CNQX (5 »iM). 

(Q Summary histogram showing averaged (left) and distribution of mEPSC amplitudes of one representative neuron from each genotype 
(right). 

(D) Averaged amplitudes of evoked AMPA receptor- (left) and NMDA receptor- (right) mediated EPSCs recorded from CA1 pyramidal neurons 
showing no differences between the wild-type (FKT) and GluR3 knockout (R3 ) mice. The AMPAR-medtated EPSCs were estimated at indicated 
holding potentials in the presence of 1 00 iiM picrotoxin 5 ms after the stimulus and normalized to the EPSC at -60mV. The NMDAR-mediated 
EPSCs were measured with peak amplitudes in the presence of 100 jtM picrotoxin and 10 CNQX and normalized to the EPSC at 6GmV. 
The representative EPSC traces at various holding potentials were averages of four successive sweeps. 



the numbers of asymmetric synapses and the lengths 
of postsynaptic density between the wild-type and the 
double knockout mice (see Experimental Procedures). 
These results indicate that the excitatory synapses are 
formed and maintained In the absence of GluR2/3. 



Reduced Basal Synaptic Transmission 

in GiuR2/3 D uble Knockout Mice 

To investigate the properties of basal synaptic function 

in GluR2/3 double knockout mice, we analyzed fEPSPs 

evoked by various stimulus intensities. In these experi- 
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Roure4. Normal Presynaptic Function and LTD but Enhanced LTP in GluR3 Knockout Mice 

ESSE KT" fae " te,i0n - ^ «** ** 'HPSP siope compared «o me firs, one as a function of 

m QluR3 knockout mice (2-3 months) C lntef,ra,n lmefv ^. upward arrows) was significantly enhanced 



mente we used adult mice to minimize the effect of 
GIUR4 on synaptic transmission. As shown in Figure 5A, 
J» mean amplitudes of fEPSPs in the double knockou 
mice were significantly smaller over a wide range of 
stimulus intensities (data not shown) or presynaptic fiber 



volley compared to those of the wild-type or GluR2 
knockout mice. The maximal amplitude of fEPSPs in the 
double knockout slices was only 10%-20% of that in 

£££2% C ^T r0 '- T ° ^Wte the mechanisms 
underlymg this reduced synaptic response, we recorded 



Synaptic Function in GluR2/3 Double Knockout Mice 



A 

120 

3? 100 

q, BO 
O 

(O so 
a. 

» 40 



O (n=*7) 



in 



B 

^ 250 



• R2+/+R3+ (n.i^ 
O <n-l7) 



° a o 

„ o o 



r i r — i — i i — i ( | 1 

0J> 0.1 02 0.3 0,4 05 0.6 0.7 OA OS 

Q Presynaptic Fibre (mv/ms) 

250- 




10ms 





200 400 600 800 1000 1200 

Interpube Interval (ms)~ 



20ms 



'\r-\r\r 



'V 

v- 



2 



0 10 

Time (min) 



20ms 



Figure 5. Enhanced Synaptic Plasticity in GluR2/3 Double Knockout Mice 

(A) Reduced synaptic response. fEPSP slopes were plotted as function of presynaptic fiber volley. The maximal f EPSP slopes were significantly 
smaller in the double knockout mice (GluR2'- GluFKT) than those in the wild-type (GhiR2 + '* GluR3*) and GluR2 knockout (GluTO"'" GluR3 ♦) 
mice (2-3 months). The traces show typical fEPSPs evoked with various stimulus intensities. 

(B) Normal paired-pulse facilitation. The plot summarizes the facilitation of the second fEPSPs compared with the first one as a function of 
interpulse Interval No differences were found between these three groups of mice (2-3 months). 

(C) Enhanced LTD and dedepression. Both LTD induced by LFS and dedepression induced by HFS (upward arrow) after establishment of 
LTD were significantly higher in the double knockout (GU1R2'' GluR3) than the wild-type (GluR2 w * GluR3*) mice (12-16 days). 

(0) Enhanced LTP and depotentiation. Both LTP induced by HFS (upward arrow) and depotentiation induced by LFS after the establishment 
of LTP were significantly enhanced in the GluR2/3 double knockout mice (2-3 weeks). 

(E) Sufficiency of GluRI for LTP. LTP induced by HFS (upward arrow) in hippocampal slices prepared from adult mice (3-6 months) was also 
significantly higher in the GluR2/3 double knockout than the wild-type mice. The traces on the right are averages of four successive sweeps 
at indicated time points. 
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mEPSCs from CA1 pyramidal neurons and found no 
significant differences in either the frequency (0.23% ±* 
0.01% Hz for GluR2 + ' + GluR3 + versus 0.25% ± 0.02% 
Hz for GluR2" ; - GluR3~, n = 9 neurons, p = 0.5) or 
amplitude {10.61% ± 0.58% pA for GluR2+' + GluR3 + 
versus 10.92% ± 0.19% pA for GluR2~ /- GluR3-, n = 
9 neurons, p = 0.63) between the wild-type and double 
knockout mica To test whether presynaptic function 
was altered, we analyzed paired-pulse facilitation and 
found no differences in the degree of facilitation be- 
tween the wild-type and the double knockout mice (Fig- 
ure 5B). Therefore, the reduction in basal synaptic re- 
sponses in the double knockout mice was not likely 
caused by presynaptic changes. 

Synaptic Plasticity In GluR2/3 Double 
Knockout Mice 

To address the role of GluR2/3 in the regulation of hippo- 
campai synaptic plasticity, we compared several forms 
of long-lasting synaptic changes between the wild-type 
and the double knockout mice. First, we induced LTD 
with LFS and after LTD was stabilized, delivered HFS 
to induce LTP or dedepression. As shown In Figure 5C, 
both LTD (79.2% ± 3% for GluR2 +/+ GluR3 + versus 
51.4% ± ao% for GluR2"'- GluR3", p = 0.0026) and 
dedepression (189.3% ± 8.3% for GluR2 +/+ GluR3 + ver- 
sus 237.3% ± 16.5% for G!uR2~'~ GluR3~, p = 0.014) 
were present and clearly enhanced in the double knock- 
out mice. Second, we induced LTP by HFS and then 
depotentiation by LFS following establishment of LTP 
(Figure 5D). Again, both LTP (155.3% ± 4.0% for 
GluR2 +/+ GluR3 + versus 181.0% ± 10.4% for GluR2~'- 
GluR3", p « 0.013), and depotentiation (88.0% ± 8.3% 
for GluR2 +/+ GluR3 + versus 60.6% ± 5.7% forGluR2~ / - 
GluR3", p = 0.00015) could be elicited and significantly 
enhanced in the double knockout mice. Since GluR4 is 
only expressed in developing hippocampus, we then 
tested whether LTP could be established in adult hippo- 
campal slices (2-3 months) of the double knockout mice 
(which should have GluRI only AMPARs). As shown in 
Figure 5E, LTP was present and significantly higher in 
the double knockout mice (141 .9% ± 5.5% forGluR2 +/+ 
GluR3 + versus 198.6% ±11.5% for GluR2 _/ ~ GluR3", 
p = 0.0025). 

To address the possibility that hippocampal LTP and 
LTD In the double knockout mice may differ from those 
of the wild-type animals, we conducted following experi- 
ments. First, we induced LTD in the presence of 100 
M.M DL-APV and showed that LTD was largely abolished 
by APV in both genotypes (1 02.3% ± 2.6% for GluR2 +/+ 
GluR3 + versus 92.1% ± 3.7% for GtuR2-'- GluR3"; Fig- 
ures 6A and 6B). Therefore, the induction of hippocam- 
pal LTD in the double knockout mice was mainly through 
NMDAR-dependent mechanisms. This conclusion was 
consistent with the finding that LTD in the double knock- 
out mice was insensitive to the application of MCPG 
(0.5 mM) or bicuculline (20 jlM) (Figure 6C). Both of 
these drugs have been shown to block metabotropic 
glutamate receptor (mGluR)-dependent LTD, which is 
known to coexist with NMDAR-dependent LTD in CA1 
pyramidal neurons under certain conditions (Oliet et al., 
1997). Second, we recorded fEPSPs from two indepen- 
dent pathways and induced LTP or LTD in one pathway 



As shown in Figures 7A-7C, synapse-specific LTP (Fig- 
ure 7B) or LTD (Figure 7C) of the conditioned pathway 
was obtained In the double knockout mice. After stabili- 
zation of LTP or LTD, we applied AM PAR antagonist 
CNQX (10 p,M) and found that fEPSPs were completely 
abolished, indicating that all synaptic responses during 
LTP or LTD were mediated by AMPARs. Then the extra- 
cellular solution was changed to low Mg*+ (0.1 mM) plus 
CNQX to isolate NMDAR-mediated synaptic responses 
in both pathways (Mainen et al., 1998; Kuilmann et al., 
1996). In these experiments, we found little changes 
in NMDAR-mediated transmission associated with LTP 
(111.4% ± 2.99% for G!uR2 + ' + GluR3 + versus 120.6% ± 
5.5% for GluR2~'- GLuR3") or LTD (99.1% ± 3.25% 
for GluR2 _/ " GluR3~) (Figures 7B and 7C), indicating 
predominant changes in AMPAR-mediated synaptic 
transmission during LTP or LTD both in the wild-type 
and the double knockout mice. Finally, we examined 
the effect of a 15 amino acid peptide (D1 5) correspond- 
ing the PRD domain of the dynamin (dynamin 828-842) 
on synaptic transmission and LTD in the double knock- 
out mice. This peptide is known to interfere with the 
binding of amphiphysin with dynamin, an interaction 
that is important for endocytosis and has been shown 
to block the expression of LTD (Luscher et al., 1999). 
Postsynaptic injections of D15 blocked LTD in 8 out of 
12 neurons recorded, whereas LTD was obtained in all 
1 0 recorded neurons filled with control peptide S1 5. The 
averaged LTD was 82.9% ± 5.9% for neurons filled with 
D1 5 and 69.8% ± 4.5% filled with control peptide SI 5 
(p < 0.05). These peptides had similar effects on LTD 
of the wild-type neurons (data not shown). Collectively, 
these results indicate that hippocampal LTD in the dou- 
ble knockout mice requires NMDAR activation and post- 
synaptic endocytosis. 

Discussion 

Previous studies using cultured hippocampal neurons 
and Inhibitory peptides indicate that the GluR2/3 sub- 
units are important for synaptic trafficking of AMPARs 
and the expression of LTD. In this study, we demonstrate 
that knockout mice deficient in the expression of both 
GiuR2 and GluR3 are severely affected in basal synaptic 
function. However, in spite of a dramatic reduction in 
the mean amplitude of basal synaptic responses, the 
double knockout mice are capable of undergoing sev- 
eral forms of long-lasting synaptic plasticity, including 
LTD and depotentiation in the CA1 region of the hippo- 
campus. These results demonstrate that GIuR2/3 are 
critically involved In maintaining basal synaptic trans- 
mission and suggest that GluRI is sufficient for the ex- 
pression of synaptic plasticity in vivo. 

Importance of GluR2/3 for Basal 
Synaptic Transmission 

In GluR2/3 double knockout mice, the mean amplitude 
of evoked f EPSP with a wide range of stimulation intensi- 
ties is much smaller compared to the wild-type animals, 
indicating that GluR2A3 are critical for maintaining high 
levels of basal synaptic responses. This difference is 
most significant in adult hippocampus where the ex- 
pression of GluR4 is absent, suggesting that GluR4 may 
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Figure 6. Dependence of LTD on NMDA Re- 
ceptors in GluR2/3 Double Knockout Mice 

(A) LTD was blocked by DL-APV in the wild- 
type mice (12-16 days). Bath application of 
DL-APV (100 »iM) blocked the induction of 
LTD. Subsequent LFS after washout of DL- 
APV produced LTD in the same slices. 

(B) LTD was also largely blocked by DL-APV 
(100 m.M) in the GluR2/3 double knockout 
mice (12-16 days). The experiments were 
performed as described in (AL 

(C) LTD was not affected by MCPG and bicu- 
cuttine. Bath application of mGHiR antagonist 
MCPG (1 mM) and GABA* Inhibitor bicucuiline 
(20 (iM) had no significant effect on LTD in 
the double knockout mice 0 2-1 6 daysL Traces 
are averages of four successive sweeps at 
indicated time points. 
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partially compensate for the loss of GluR2/3 in develop- 
ing brain. It is unlikely that a reduction in the size of 
fEPSPs is caused by structural perturbations, as there 
is no evidence that the number of neurons, the density 
of excitatory synapses, the length of PSD, or the number 
of presynaptic vesicles is altered in the double knockout 
mice. The simplest explanation is that GluR2/3 are re- 
quired for synaptic targeting and stabiBzation of AMPARs 
in vivo. Thus, in the absence of GluR2/2, AMPARs would 
not be sufficiently targeted or stabilized, resulting In 
a smaller number of synaptic AMPARs and reduced 
synaptic transmission. This possibility is consistent with 
the results obtained from in vitro biochemical studies 
and cultured hippocampal neurons demonstrating that 
the C-terminal tails of GluR2/3 are capable of interacting 
with several postsynaptic proteins and that disruption of 



the interaction causes a selective reduction in AMPAR- 
mediated basal synaptic transmission and surface ex- 
pression of AMPARs (see reviews by Braithwaite et al M 
2000; Barry and Ziff. 2002; Song and Huganir, 2003- 
The smaller fEPSPs in the double knockout mice are 
also consistent with the idea that GluR2/3-containing 
AMPARs may undergo constitutive recycling, a process 
considered to be important for preserving stability of 
basal synaptic transmission (Shi et al., 2001; Passafaro 
et al., 2001). However, even in adult hippocampus where 
GluR1 is likely the only remaining AM PAR subunit in the 
double knockout mice, synaptic transmission occurs 
and sufficiently high for the establishment of various 
forms of long-lasting synaptic changes, indicating that 
GluR1 alone AMPARs are capable of synaptic targeting 
and dynamic changes. 
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Figure 7. Expression Mechanisms of LTP and LTD in GIuR2/3 Double Knockout Mice 

(A) Field recordings from two independent pathways (LTP or tetantzed pathway and control pathway) showed predominant changes in AMPAR- 
mediated synaptic transmission during LTP in the wild-type animals (2 months). 

(B) Field experiments showed predominant changes in AMPAR -mediated synaptic transmission in LTP pathway in GtuR2/3 double knockout 
mice (2 months). 

(C) Field experiments showed predominant changes in AMPAR-mediated synaptic responses in LTD pathway in GJuR2/3 double knockout 
mice (12-16 days). Traces on the right in (A)-(C) are sample fEPSPs from the LTP or LTD and control pathways evoked before HFS or LFS 
(1), 30 min after first HFS or LFS (2), and after bath application of an extracellular solution containing CNQX (10 \iM) and low Mg 1 * (0.1 mM) 
to isolate NMUAR-mediated synaptic responses (3). NMDAR responses were normalized to AMPAR-mediated responses before LTP or LTD 
(Kullmann et a!. f 1996). The absolute mean fEPSP slope of NMDAR responses is 0.046% s 0.01 % mV/ms for GluR2 Wt GluR3* (n = 6) and 
0.037% r 0.004% mV/ms for GluR2 '- QuR3~ (n - 5). The ratio of NMDAR- versus AMPAR-mediated fEPSPs is 0.13 ± 0.02 for GIuR2"* 
GluR3* (n - 6) and 0,15 2 0.02 for GluR2' GluR3 " (n = 5). 

(D) Whole-cell recordings showed inhibition of LTD by postsynaptic injection of 015 but not by S15 in the double knockout mice (1 3-16 days). 
Active peptide D15 or its control peptide S15 was included in the intracellular solution and LTD was induced by LFS (1 Hz lasting 10 min 
at -40mV) after 15 min of baseline recording. Traces on the right were averages of four successive EPSCs at indicated time points. 
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Synaptic Plasticity in the Absence of GluR2/3 
An intriguing and rather surprising finding of the present 
study is that various forms of hippocampal synaptic 
plasticity can be established in the double knockout 
mice. In particular, the presence of hippocampal LTD 
and depotentiation in the absence of G!uR2/3 is not 
predicted by the hypothesis that GluR2/3 are necessary 
for AM PAR endocytosis and LTD (Luthi et a!., 1 999; Daw 
et a!., 2000; Xia et aL, 2000). One possible interpretation 
for this discrepancy Is that the mechanisms of synaptic 
plasticity in our genetically altered mice may differ from 
those of the wild-type animals. This appears unlikely 
because hippocampal LTD in the double knockout mice 
is (1) largely blocked by NMDAR antagonist APV; (2) 
insensitive to MCPG or btcucullin, therefore mGIuR- 
independent; (3) expressed predominantly via changes 
in AMPAR-mediated synaptic transmission; and (4) stHl 
inhibited by perturbations of endocytosis, although to 
a less degree compared to the wild-type animals. These 
results Indicate that GluR2/3-independent AMPAR en- 
docytosis contributes significantly to hippocampal LTD 
in the double knockout mice. However, we cannot rule 
out the possibility that some aspects of synaptic plastic- 
ity are distinct in the double knockout mice. Indeed, LTD 
was only partially blocked by D15 peptide, the same 
peptide that has been shown to completely abolish LTD 
in other preparations from the wild-type animals (e.g., 
Luscher et al, 1999), suggesting that a component of 
LTD is endocytosis independent in these knockout mice. 
Further experiments are needed to determine exactly 
what proportion of LTD is contributed by endocyto- 
sis-dependent or endocytosis-independent processes. 
Since most AMPARs exist as heteromeric assemblies of 
GIuR1/2 or GluR2/3, not as GluR1 homomeric receptors 
present in the double knockout mice, it also remains 
to be investigated whether (or under what conditions) 
GluR2/3-independent AMPAR endocytosis operates 
and how much it contributes to synaptic changes in the 
wild-type animals. 

In the absence of GluR2/3, the relative amount (as 
compared to basal synaptic response) of synaptic plas- 
ticity Is significantly greater (Figures 5-7). This enhance- 
ment, in particular of LTD and depotentiation (Figures 50 
and 5D), cannot be accounted for simply by an increased 
Ca 2+ influx during the induction phase because (1) LTD 
is blocked by APV and (2) the relative amount of NMDAR- 
versus AMPAR-mediated fEPSPs is not much greater in 
the double knockout than in the wild-type mice (Figures 
7A-7C). These results suggest that one of the in vivo 
functions of the GluR2/3 subunrts may be to inhibit syn- 
aptic changes. It is reasonable to hypothesize that the 
interaction between GluR2/3- and AMPAR-interacting 
proteins also function to retain and/or stabilize the re- 
ceptors either at synaptic surface (Noel et al., 1999; 
Osten et al., 2000; Lee et aL, 2002) or inside the ceil 
(Daw et aL, 2000; Perez et al., 2001 ; Greger et al., 2002) 
during synaptic changes as proposed for basal synaptic 
transmission. Thus, disruption of the interaction, for ex- 
ample, by protein phosphorylation/dephosphorylation 
{Matsuda et al., 1 999; 2000; Xia et a!., 2000; Kim et al., 
2001 ; Daw et al., 2000; Chung et al., 2000) may facilitate 
receptor trafficking and synaptic changes. 

However, it should be emphasized that because basal 
synaptic transmission is so drastically reduced in the 



absence of GluR2/3, the absolute amount of changes 
in synaptic transmission during LTP/LTD in most experi- 
ments is actually smaller in the double knockout mice. 
Therefore, one interpretation of the results is that GluR2/3 
may normally participate in facilitating and/or stabilizing 
synaptic changes by interacting with AMPAR-inter- 
acting proteins as mentioned above. Thus, disruption 
of these interactions or deletion of GluR2/3 would lead 
to reduced synaptic plasticity. As indicated earlier, this 
possibility is supported by results from many previous 
studies using cultured hippocampal neurons (Nishimune 
et aL, 1998; Luthi et aL, 1999; Daw et aL, 2000; Xia et 
aL, 2000; Kim et al., 2001; Lee et aL, 2002). Given the 
complexity of protein interactions that occur at the 
GluR2/3 C termini (e.g^ Brarthwaite et aL, 2002; Haniey 
et al., 2002; see reviews by Barry and Zrff , 2002; Malinow 
and Malenka, 2002), it is likely that these interactions 
have differential and potentially opposing effects on 
AMPAR trafficking and synaptic plasticity. Targeted de- 
letions or mutations of individual protein binding sites 
in GluR2/3 C-terminal tails in mice would be important 
to address the specific function of each interaction. 

GluRI Sufficiency for Hippocampal LTP 
In the adult hippocampus where most AMPARs are 
made of GluR1/2 orGluR2/3 (Wenthold etaL, 1996), LTP 
could be established and also dramatically enhanced 
in the absence of GluR2/3, indicating that GluRI is suffi- 
cient for the expression of hippocampal LTP. These 
results are consistent with the observations that LTP is 
impaired in GluRI knockout mice (Zamanillo etaL,1 999) 
and that GluRI is necessary for NMDAR-dependent syn- 
aptic targeting of AMPARs in cultured hippocampal 
slices (Shi et al., 1 999, 2001 ). The C-terminal tail of GluRI 
can also interact with a number of proteins, including 
SAP97 (Leonard et ah, 1 998), actin binding protein 4.1 N 
(Shen et al., 2000), and AP2 (Lee et al., 2002). Disruption 
of the interaction between GluRI and these proteins 
blocks the activity-dependent synaptic delivery of GluRI 
and LTP (Shi et aL, 2001). Since LTD experiments were 
performed using mice at postnatal days 12-15 when 
GluR4 is also expressed in the hippocampus, it is not 
clear whether GluRI is sufficient for the expression of 
LTD. However, since depotentiation could be estab- 
lished and enhanced in the double knockout animals 
at postnatal week 3 when the expression of GluR4 is 
diminishing in the hippocampus (Zhu et al., 2000), our 
results also suggest that GluRI may be sufficient for 
the expression of synaptic depression. 

In conclusion, by employing genetic approaches in 
mice, we provide evidence that the primary function of 
GluR2/3 Is to stabilize synaptic transmission. Thus, in 
the absence of G!uR2/3, both basal synaptic transmis- 
sion and synaptic plasticity are affected. The complex 
interactions between GluR2/3 and various cytosolic pro- 
teins may provide multiple mechanisms to ensure the 
stability of synaptic transmission. We suggest that 
GluRI contains all the necessary molecular determi- 
nants to allow long-lasting synaptic plasticity to occur. 
Important issues remain to be investigated, including 
the analysis of the synaptic properties such as AMPAR 
trafficking in the double knockout mice and to define 
the in vivo function of specific protein binding sites of 
GluR2/3 C-terminal tails. 
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Experimental Procedures 

Creation of GluR3 and GluR2/3 Double Knockout Mice 
A genomic done containing the TM1 and TM2 domains of the GluR3 
gene was isolated from a genomic 129/sv library. The targeting 
vector for generating GluR3 knockout mice was constructed by 
inserting a 1.8 kb PGK-neo cassette into the BamHI site of axon 1 2 
in a sense direction with creation of an additional EcoRV site for 
the purpose of diagnostic restriction digestion of the genomic DMA. 
The G41 8 resistant ES clones were tested for a targeted event by 
Southern blot analysis. The procedures for culturing and screening 
ES celts and for generation of chimeric mice were described pre- 
viously (Nagy et aU 1993; Jla et aL, 1996). The chimeric mice were 
backcrossed to C57/BL6 to generate the F1 population. The G!uR3 
gene Is X chromosome linked; therefore, only one copy is present 
in male mice. Since the male GluR3 knockout animals (X~Y, GtuR3~) 
bred poorly, most experiments for GluR3 knockout mice were per- 
formed using male offsprings (X~Y as knockout and X + Y Attenuate 
as wild-type control) generated from Fl X*Y (wild-type male, 
GtuR3+) and X + X~ (heterozygous female, GluR3+' - ) breeding. The 
GluR2/3 double knockout mice (GtuR2 -f ~ G!uR3", male) were gener- 
ated by intercrossing between GhiR2*'~ G!uR3 + males and GhiR2 +/ ~ 
GIuR3*'- females. All the mice used In the present study had a 
genetic background of 129XC57/BL6. The genotype of the double 
knockout mice was determined by Southern blot analysis using 
three Independent DNA probes: an external probe for GluR2 (Jla et 
a!., 1996), an external probe for GtfuR3 (Figure 2), and en internal 
rteo-probe. The absence of GhiR2 and GtuR3 proteins in the double 
knockout mice was confirmed by Western blot analysis using arrti- 
GluR2/3 antibodies. The observed number for GJuR2/3 double 
knockout mice was consistent wtth the expected Mendelian ratio 
(1/16). suggesting no embryonic lethality for the double knockout 
mice. 

lmmunoblotting, Histochemistry, and Electron Microscopy 
The procedures for Western blot analysis of total brain or hippocam- 
pal lysates and for Nissl staining of fixed brain sections were de- 
scribed previously (Jia et aL, 1996; Meng et at., 2002). The primary 
antibodies used were: anu-NMDARI (Chemicon, Temeculo, CA), 
anti-NMDAR2A/B (Upstate, Charlottesville, VA), arrti-GluRI (Chemi- 
con), anti-GluR2 (Chemicon), am>GluR2/3 (Upstate and Chemicon), 
arrti-GluR4 (Upstate and Chemicon). anti-CaMKIla (gift of Or. Bill 
Trimble), and anti-coftiin (Santa Cruz, Santa Cruz, CA). The levels 
of GluR1 and GiuR4 were estimated and normalized against the 
amount of cofiltn using the enhanced chemilumlnescence (Amer- 
sham) method in more than ten separate experiments from three 
animals of each genotype and showed no significant differences 
(GluRI: 94% ± 17% arbitrary unit for wild-type and 153% ±21% 
for double knockout, p = 0.1; GluR4: 104% ± 10% for wild-type 
and 80% ± 15% lor double knockout P - 0.3). For electron micros- 
copy, the transcardially fixed brain samples were sliced (500 jim) 
on a vforatome and 1X1 mm CA1 areas isolated from comparable 
sections of each genotype. The blocks were then postfixed for an 
additional 3 hr and processed according to standard methods. For 
each block, 1 pm thick sections were cut and stained with 1 % 
totuidine blue to guide further trimming to isolate equivalent CA1 
subfields. Thin sections (60 nm) were then cut and stained with 
uranyl acetate and Reynolds lead citrate. The numbers of the syn- 
apses (wad-type: 0.324 ± 0.016%/^m 2 , n = 33 images; GtuR2/3 
double knockout: 0.359 ± 0.014%/jim*. n « 55 images, p « 0.11) 
and the lengths of postsynaptic density (wild-type: 171.3% i 3.9% 
(nm), n = 208 synapses; GtuR2/3 double knockout 1 75.7% ± 0.34% 
[nm], n « 227 synapses, p = 0.33) were estimated on thin-section 
images covering neuropil regions totaling 4000-7000 pjrf from two 
animals for each genotype (Meng et ai., 2002). 

Elect rophysiology 

The procedures for electrophysiological recordings were described 
previously (Jia et al. t 1996; Meng et ai., 2002). Briefly, hippocampal 
slices (400 jun) were prepared from 1 0 days to 6-month-old mice 
(the age of the mice was indicated In each experiment) and allowed 
to recover in a holding chamber for at least 1 hr. A single slice 
was then transferred to the recording chamber and submerged and 



superfused wilh 95% 0 2 -5% CO) saturated artificial CSF (ACSF, 
2 ml/min). The ACSF contained 120 mM NaCI, 2.5 mM KC1, 1.3 mM 
MgSO.. 1.0 mM NaHjPO* 26 mM NaHCO* 2JS mM CaCl* and 11 
mM D-glucose. For field EPSPs, the recording pipette (3 MP.) was 
filled with ACSF solution. For whole-cell voltage-clamp recordings, 
the patch pipette (3-5 Mil) contained the following: 132 mM Cs 
gluconate, 17.5 mM CsCl, 0.05 mM EGTA, 10 mM HEPES, 2 mM 
Mg-ATP, 0.2 rnM Na-GTP, QX-314, pH7.4 (292 mOsm); for current 
clamp, it contained 1 50mM KjMeSO,, 0.1 mM EDTA, 1 0 mM HEPES, 
and 2 mM Mg-ATP, pH 7.4 (290 mOsm). Synaptic responses were 
evoked by bipolar tungsten electrodes placed 200-400 tun from the 
cell body layer in the CA1 area. fEPSPa were measured by taking 
the slope of the rising phase between 5% and 60% of the peak 
response. Unless otherwise indicated, LTP and derepression were 
induced with two trains (tntertraln interval of 1 0 s) of 1 00 Hz stimula- 
tion each lasting 1 s. LTD and depotentiation were induced by low- 
frequency stimulation (LFS) at 1 Hz lasting 1 5 min for field experi- 
ments and lasting 10 min at a holding potential of -40mV forwhoie- 
cea experiments. Peptides were synthesized and purified by the 
Advanced Protein Technology Center at the University of Toronto, 
Toronto, Ontario, CAN. The amino acid sequence for 015 was 
PPPQVPSRPNRAPPG and the corresponding scrambled peptide 
(S1 5) was ANVRRGPPPPPQPPS. Peptides (1 -0 mMJ were added to 
the intracellular solution immediately before experiments. All data 
acquisition and analysis were done using pCLAMP 7 software (Axon 
Instruments). When average data were plotted, data were normal- 
ized to the average of the ba3efine responses unless indicated other- 
wise. AO data were statistically evaluated by Student's t test 
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